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Abstract 
This thesis presents the synthesis and characterisation of a range of coordination frameworks and discrete 
organometallic complexes. The properties that these materials display encompasses gas sorption, thermal expansion, 
redox activity, magnetic ordering, and spin crossover. 
Chapter 2 focuses on coordination frameworks incorporating the [MnN(CN)4]2- secondary building unit, which 
contains both a terminal nitride and the potential for a coordinatively unsaturated metal site. Two new materials, 
Zn[MnN(CN)4(H2O)]·2H2O·MeOH and Mn(H2O)2[MnN(CN)4(H2O)], have been structurally characterised by 
single crystal and powder X-ray diffraction, with influence of a terminal nitride ligand on N2, H2 and CO2 sorption 
investigated. Furthermore, an assessment of the catalytic performance and thermal expansion behaviour of these 
materials has been conducted. 
Chapter 3 incorporates the square planar [Pd(CN)4]2- anion into a Hofmann-like clathrate, 
[Fe(bentrz)2Pd(CN)4]·H2O·EtOH, which comprises of two crystallographically distinct Fe(II) centres. The SCO 
behaviour of the differing Fe(II) sites has been rationalised in regards to the structural features of the material – 
primarily the geometrical parameters of the Fe(II) sites, guest-guest and host-guest interactions. Through the 
exchange of guest molecules with varying sizes and hydrogen bonding abilities, the SCO behaviour of both Fe(II) 
sites can be systematically switched ‘on’ or ‘off’, leading to isostructural materials which display either a single-step, 
multi-step transition or the complete stabilisation of the HS state. 
Chapter 4 describes the incorporation of the [Ru2(O2CR)4]+ cation, which contains a S=3/2 spin state, into the 
heterobimetallic coordination polymers [Ru2(O2CPh)4][Au(CN)2] and [Ru2(O2CR)4][Au(CN)2] (R = furan-2-
carboxylate or thiophene-2-carboxylate). The inclusion of the [Au(CN)2]- anion as a rigid and linear bridge was 
aimed at producing a polymeric material in which the angle between the ruthenium dimers approached 180°, 
potentially enabling inter-dimer magnetic interactions, in addition to possible conduction pathways.  
Chapter 5 describes the first metal dependence investigation into the thermal expansion behaviour of a series of 
non-porous metal carbodiimide frameworks. The capacity of the NCN bridge to display transverse vibrations in 
these materials has been assessed, with the thermal expansion behaviour in the Mn, Fe, Co, Ni, Cu and Cd 
analogues shown to be sensitive to both the metal identity and differences in the relative alignment of the 
[M(II)(N2)] brucite layers in each structure class, leading behaviours ranging from positive to near zero thermal 
expansion. 
Chapter 6 details the efforts to synthesise a range of secondary building units incorporating a redox active 
Mn(V) site, a terminal nitride and a range of bidentate capping ligands that can perturb both the electronic and steric 
environment of the complex. The materials discussed in this chapter form an isostructural series of complexes with 
the formula [PPh4][MnN(CN)3(diimine)], where diimine = 2,2'-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 
5,5'-dimethyl-2,2'-bipyridine, 1,10-phenanthroline or bipyrimidine. The investigation into the effect of ligand 
substitution on both the redox activity of the Mn(V) site, as well as the effect on the nucleophilicity of the terminal 
nitride, has been assessed.  
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1.1. Coordination Frameworks 
Coordination frameworks, also commonly referred to as metal-organic frameworks (MOFs) or 
coordination polymers (CP),*1 are crystalline materials consisting of metal ions or clusters linked by 
polydentate ligands to create 1D, 2D or 3D molecular architectures, often likened to the 
scaffolding of a building. The resulting structures of coordination frameworks are defined by the 
coordination sphere of the metal ion and the length, shape and directionality of the ligand, and can 
be directed by templating effects such as guest or solvent molecules (Figure 1.1).  
The chemical and physical properties of coordination frameworks can be finely modulated 
through differing combinations of metal ions and ligands to create differing topologies, which can 
lead to robust and potentially porous materials. The combination of solvent accessible spaces, 
electronic properties of embedded metal centres and functionalised ligands has enabled these 
materials to find applications in diverse fields such as gas storage,2 chemical separation,3 
heterogeneous catalysis,4 non-linear optics,5 conducting materials6 and chemical sensing.7 Due to 
the variety of structures (estimated to be over 20,000 materials to date),8 coordination frameworks 
present a unique opportunity to strategically alter the composition of a framework and hence 
develop an understanding of structure-property relationships and develop novel applications.  
 
Figure 1.1. A schematic diagram of the varying structural composition of coordination frameworks. 
                                                     
* IUPAC has recently defined coordination polymers as ‘a coordination compound with 
repeating coordination entities extending in 1, 2, or 3 dimensions,’ with crystallinity not a 
requirement. Conversely, metal-organic frameworks have been defined as ‘a coordination network 
with organic ligands containing potential voids’. Previously these terms have been poorly defined 
and often used interchangeably. 
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1.2. Design and Synthesis Principles 
The rational design of coordination frameworks, commonly referred to as crystal engineering, 
is a growing field. In theory, the practice dictates that the judicious choice of building blocks can 
lead to the synthesis of a material with a predetermined structure. The design of these materials is 
commonly achieved through a retro-synthetic approach, whereby the structure of a known material 
is targeted through the substitution of either a metal species with one that contains similar 
coordination preferences or that of a ligand containing similar binding modes and directionality.9-11 
A seminal example which heralded the use of coordination frameworks for gas sorption 
applications is the IRMOF materials. These frameworks are topologically identical, but differ in 
their cell and pore dimensions by the inclusion of linear dicarboxylate based ligands with varying 
lengths and functionality (Figure 1.2).12  
 
Figure 1.2. Members of the IRMOF series a) MOF-5, b) IRMOF-6 and c) IRMOF-8.13 
An alternative approach to the design of coordination frameworks is through the manipulation 
of the strong and highly directional nature of coordination bonding. The use of metal centres with 
well-defined coordination geometries combined with suitably rigid ligands can enhance the chances 
of forming a targeted network topology, i.e., the use of an octahedral node with linear bidentate 
ligands result in a cubic α-Po network. However, this approach becomes significantly more 
unpredictable with the use of more complex nodes, i.e., a square planar node with bidentate ligands 
can result in either a 2D square grid or a 3D NbO-type net depending on the relative orientation of 
neighbouring square planar nodes. Control over the polymorphism of these framework materials is 
often attributed to solvent, temperature and nucleation sensitivities. As a result, crystal engineering 
is an imprecise, but developing, art. 
1.3. Cyanido-based Coordination Frameworks 
Coordination compounds comprised of cyanido-based building blocks have held a prominent 
position in the field of coordination chemistry since the discovery of Prussian blue in the 18th 
century.14,15 The ability to synthesise porous analogues of this material with a range of 
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mixed-valence metals has, in conjunction with the short distance and complementary orbital 
overlap of the cyanido ligand, led to the development of materials displaying long range magnetic 
ordering, as well as unique gas sorption and thermal expansion properties.16-23 
The overwhelming ability of the cyanide-ligand to complex transition metals, by virtue of its 
capacity to act as a strong σ-donor and weak π–acceptor, has led to the synthesis of a range of 
discrete complexes with rigid and well-defined geometries and bond lengths. The strong metal-
cyanide interaction and non-labile nature of the ligand enable cyanido-based complexes to retain 
similar coordination geometries and binding modes upon incorporation into materials of higher 
dimensionality. As such, complexes incorporating cyanide-based ligands are often used as 
secondary building units in the design of coordination frameworks. 
The diversity in the coordination modes and number of the cyanido-based complexes, as well 
as their ability to coordinate with transition metals of varying hardness and oxidation state, has 
enabled the synthesis of a wide range of functionalised discrete complexes for incorporation into 
coordination frameworks as secondary building units. These secondary building units can consist 
of the common commercially available [M(CN)6]3-/4, [M′(CN)4]2- and [M″(CN)2]- complexes 
(M = Cr3+, Mn3+, Fe2+/3+, Co3+; M′ = Ni2+, Pd2+, Pt2+; M″ = Ag+, Au+), with the varying 
coordination number and geometry of these units leading to a diverse range of architectures in 
framework materials.15, 24, 25 Other functionalised building blocks can include [Co(CN)5]2- and 
[MnN(CN)4]2-, which possess strong O2 binding sites26, 27 and catalytic properties,28 by virtue of the 
coordinatively unsaturated metal site.  
1.3.1. PtS Topologies 
Coordination frameworks which consist of alternating square planar and tetrahedral nodes 
form a small class of cyanido-based frameworks with a PtS topology. Typically, 
tetracyanido-metallate species such as [M(CN)4]2- (M = Ni2+, Pd2+, Pt2+), occupy the square planar 
Pt site with the S site replaced by a tetrahedral metal ion (Figure 1.3). The first cyanido-based 
coordination framework reported with this structure, [N(CH3)4][CuPt(CN)4], (in which Robson et 
al. predicted the potential for crystal engineering through modular design)29 was composed of 
alternating square planar [Pt(CN)4]2- and tetrahedral Cu(I) sites with the pore space occupied by a 
charge balancing tetramethylammonium cation. The capacity of PtS nets to display porosity and 
the ability to functionalise the internal pore environments has been explored through the 
substitution of the square planar nodes with metallo-ligands, resulting in catalytically active metal 
centres that are directly accessible in the large hexagonal channels.4, 30, 31 To date, cyanido-based PtS 
nets have been limited to the Ni, Pd and Pt tetracyanido-metallates which, in non-interpenetrated 
forms, display large void volumes (approximately 60% of the crystal volume) but have limited 
reactivity due to the inert metal species.32, 33 
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Figure 1.3. The structure of the PtS net. Platinum is shown in grey and sulfur is shown in yellow. b) The structure of 
[N(CH3)4][CuPt(CN)4]. 
1.3.2. NbO Topologies 
Cyanido-based coordination frameworks with an NbO net topology – whereby alternating 
square planar four-coordinate nodes are rotated 90° – create porous cubic materials that can 
resemble highly vacant Prussian blue analogues in respect to void volumes and exposed metal site 
density (Figure 1.4). Coordination frameworks with the NbO topology can be constructed by 
bridging square-planar tetracyano-metallate anions with metal cations, where the axial positions are 
occupied by either terminal capping ligands or coordinated solvent. In this instance, coordinatively 
unsaturated metal sites can be exposed through desolvation of the material or removal of the 
capping ligands. 
As a consequence of the porosity and high density of exposed metal sites, NbO topologies are 
of interest for applications in gas sorption and catalysis. Despite a plethora of carboxylate based 
frameworks with this topology,34,35 only one cyanido-based material has been reported, 
[Fe(3-cyanopyridine)2][Ag(CN)2]·2/3H2O.36 The scarcity of these materials in the literature may 
correspond to a potential preference to form layered Hofmann clathrate structures 
 
Figure 1.4. The structure of a NbO net. b) A Prussian blue analogue with 1/3 vacancies of the hexacyano-metallate 
a) b) 
a) b) 
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1.3.3. Hofmann phases  
Hofmann clathrates, based on the archetypal [Ni(NH3)2Ni(CN)4]·2C6H6 discovered by 
Hofmann in 1897,37 are characterised by a sheet-like arrangement of square planar [Mˈ(CN)4]2- 
anions equatorially coordinated to a M(II) ion. Terminal axial ligands coordinated to the M(II) 
species, in conjunction with guest molecules, act to separate the stacked 2D sheets (Figure 1.5a). 
Substitution of the capping axial ligands with bidentate bridges can create a second class of 
Hofmann frameworks known as pillared Hofmann phases (Figure 1.5b). The robustness of these 
phases to the substitution of the metal species, axial ligands or guest molecules has led to a vast 
library of structurally-related compounds.25, 37-41 The potential for porosity and guest inclusion 
within these materials has led to extensive work in the investigation of structure-property 
relationships.25, 39, 42  
 
Figure 1.5. a) The structure of a typical Hofmann clathrate [Ni(NH3)2Ni(CN)4]·2C6H6. b) The structure of a pillared 
Hofmann phase [Fe(bpac)2Ni(CN)4] (bpac = bispyridylethylene). 
Of particular note is the incorporation of Fe(II) centres in to Hofmann frameworks, which has 
enabled investigations into spin crossover properties. The use of bidentate N-donor pillars and 
tetracyano-metallates can create an Fe-N6 octahedron with ideal ligand field strength to generate a 
metastable high spin state in the Fe(II) centre. Furthermore, the nanoporosity and robustness of 
these phases to desolvation and guest exchange allow for fundamental studies into the 
structure-function relationship as well as fine tuning of the spin transition through subtle 
host-guest influences. Of particular note is the modulation of the electronic and magnetic 
properties of [Fe(pz)Ni(CN)4] (pz = pyrazine) by the introduction of guests which exert varying 
internal pressure effects, paving the way towards rational design of chemisensing devices.43 The 
structure-property relationships in relation to gas storage have been further explored in 
frameworks of Ni(L)[Ni(CN)4] (L = pyrazine , 4,4'-bipyridine and 4,4'-dipyridylacetylene) by the 
substitution of successively longer pillaring ligands, leading to corresponding increases in pore 
a) b) 
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dimensions. The increased volumetric uptake observed, along with improved ΔHads, in the smaller 
pores has been rationalised by the improved packing efficiency of hydrogen through maximising 
surface interactions.40    
1.4. Gas Storage and Separation in Coordination Frameworks 
Coordination frameworks, which are architecturally robust to the removal of occluded guest 
molecules, display some of the highest internal surface areas recorded among common 
microporous materials.8 These large accessible pore spaces maximise the effective area over which 
physisorption can occur, and can be functionalised with charged dense open metal sites or pendant 
amines to tune the selectivity of the adsorbent and/or the interaction strength with the 
absorbate.44, 45 Consequently, coordination frameworks have been investigated for their gas storage 
and separation capabilities, primarily in the topical fields of H2 and CO2 storage for alternative 
fuels and clean air separations. 
The application of coordination frameworks as post-combustion carbon capture materials has 
a number of advantages over current methods. Industrial adsorption processes, whereby corrosive 
amine solutions remove gaseous CO2 through the formation of carbamates, have limited cost 
effectiveness due to the high energy penalty of regeneration associated with chemisorption. The 
chemical versatility of coordination frameworks allows for the grafting of pendant amines, which 
demonstrate strong physisorptive properties through the interaction of the large quadruple 
moment of CO2 with the electron rich amine into the materials pore. As a result, materials with 
reduced regeneration energy penalties as well as excellent CO2 adsorption and selectivity, have 
been developed.46, 47  
Coordination frameworks have also received significant attention for application in the storage 
of H2, CH4 and O2. Analogous to the principles regarding CO2 storage, significant focus has been 
placed on the functionalization of the inner pore environment to modulate the frameworks 
interaction with the absorbate. Polarisation of H2 by densely charged sites, achieved through the 
incorporation of exposed metal sites or Li+ intercalation, has been demonstrated to substantially 
improve the enthalpy of absorption to 12.3 kJ/mol-1 in some cases, albeit lower than the ideal 
enthalpy of absorption of 20 kJ/mol-1.19, 48, 49   
Furthermore, the ability to modify the pore apertures and decorate internal pore environments 
of coordination frameworks with charge dense sites has led to further applications in the selective 
retention of electron rich molecules. The archetypal framework Cu3(BTC)2 (where BTC = 1,3,5-
benzenetricarboxylic acid), which exhibits coordinatively unsaturated sites, has been used as a fixed 
bed reactor vessel in the removal of sulfur odorants from natural gas in a set-up analogous to a gas 
chromatography column. The open metal sites in this material provide further functionality with 
chemichromism occurring upon coordination of the sulfur components to these sites, enabling 
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visible detection of contaminant saturation and regeneration of the material. Alcohols, amines and 
water have also been removed in a similar manner.50, 51 
1.5. Spin Crossover 
Transition metal complexes with a d4-d7 electronic configuration can exist in either a high spin 
(HS) or low spin (LS) state. HS systems occur when the spin pairing energy (P) is greater than the 
orbital splitting energy (∆), while LS systems occur when P < ∆ (Figure 1.6a). The creation of a 
metastable state, where an appropriate ligand field strength causes ∆ ≈ P and a zero point energy 
difference in the two spin states in the order of kBT (where kB = the Boltzmann constant and 
T = temperature in Kelvin), may enable the metal centre to switch between high and low spin 
states in response to an external stimulus, i.e., temperature, pressure or light.52, 53 
 
Figure 1.6. a) High and low spin configurations for octahedral d8 iron(II) compounds. b) Adiabatic potential wells for 
the LS and HS states with metal-donor atomic distance r(Fe-N).  
LS states are enthalpically stabilised; where the reduced occupancy of anti-bonding eg orbitals 
result in shorter metal-ligand bond lengths. As such, thermally-induced spin transitions are entropy 
driven processes whereby elevated temperatures promote a density of vibrational states sufficient 
to overcome the enthalpically favoured LS state (Figure 1.6b).54 
In Fe(II) complexes, the spin crossover (SCO) from HS to LS is accompanied by a change in 
the magnetic state (S = 2 in HS to S = 0 in LS), a contraction of bond lengths and a change in 
colour (typically yellow to red). As a result of the distinctive spin dependent properties, SCO 
materials have been investigated as temperature sensitive contrast agents, chemical sensors and 
data storage devices.55-58 
The incorporation of SCO centres into coordination framework materials provides systems in 
which the crossover behaviour may be systematically modulated through substitution or alteration 
of a single component in order to establish structure-property relationships. Furthermore, 
a) b) 
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coordination frameworks enable the modulation of crossover behaviour through host-guest 
interactions in porous materials. They can also manifest as cooperative systems, whereby the 
resulting change in electronic state or bond length of one centre is ‘felt’ by and impacts upon the 
transition of a neighbouring centre.55 Cooperativity can be fostered by increasing the strength of 
interaction between SCO centres. The presence of π-π stacking, hydrogen bonding and suitably 
rigid framework scaffolding can act to ‘communicate’ the SCO event between sites through long 
range elastic interactions within the crystal lattice.57 In coordination frameworks, the bond length 
and angle changes associated with SCO at one site is analogous to a crystal defect, perturbing the 
crystal packing and coordination environment at neighbouring SCO centres. Propagation of SCO 
at these neighbouring sites can act to re-establish the structural energetic minimum of the crystal, 
leading to abrupt spin transitions. This effect can also be visualised as a ‘pressure wave’ effect, 
whereby SCO can proliferate and extend from a single point of origin. 
The behaviour of SCO materials can be categorised into 5 main classes (Figure 1.7).55 A 
gradual transition, in which a Boltzmann distribution of all the vibronic levels of the HS and LS 
states are accessed, is typical of a discrete SCO complex in solution and is indicative of low 
cooperativity between SCO centres (Figure 1.7a). Whilst the spin transition in solid samples may 
also be gradual, the greater capacity for cooperativity between SCO centres allows for increased 
complexity in the behaviour of the material, i.e., enabling abrupt (Figure 1.7b), hysteretic (Figure 
1.7c), multi-step (Figure 1.7d) or incomplete (Figure 1.7e) transitions, as well as various 
combinations of these.  
 
Figure 1.7. Classification of the varying SCO behaviours. (a) gradual, (b) abrupt, (c) hysteretic, (d) multi-step and (e) 
incomplete. 
The complexity of SCO behaviours in coordination frameworks, namely systems which 
possess a hysteretic transition centred at ambient conditions, enable these materials to emulate a 
binary switch, making them applicable for data storage, memory devices and chemisensing.56 As 
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such, the development of an understanding of the structural features that influence the SCO 
behaviour of a material will enable the development and design of novel materials that incorporate 
desirable transition conditions.   
1.6. Factors Influencing Spin Crossover 
1.6.4. Geometric Considerations 
Due to the constraints of isolating SCO centres within the rigid scaffolding of coordination 
frameworks, spin transitions tend to be favoured in materials exhibiting small differences in the 
geometry of high and low spin states. Retention of the HS state can occur when the scaffolding of 
the material cannot accommodate the structural rearrangement associated with the spin transition, 
despite favourable ligand field strengths. This phenomena is often seen in salts of [Fe(1-bpp)2]2+ 
(1-bpp = 2,6-bis(pyrazole-1-yl)pyridine), in which strong angular Jahn-Tellar distortion is evident in 
the HS structures of all salts except the BF4- analogue (Figure 1.8). Consequently, the conversion to 
the LS state, which does not possess Jahn-Tellar distortion and requires an energetically 
unfavourable rotation of one ligand by up to 30°, occurs only in the BF4- analogue.59, 60  
 
Figure 1.8. Crystal structures of four different HS molecules of the [Fe(1-bpp)2]2+ series. Only the undistorted BF4- 
analogue undergoes a thermal spin transition.59 
The spin transitions in cyanido-based Fe(II) centres are also influenced by the local 
coordination sphere and geometry of the SCO centre, primarily the octahedral distortion parameter 
(∑) and the Fe-N≡C angle. ∑ is defined as the sum angular deviation away from an idealised 
octahedral geometry, with larger values of ∑ expected to stabilise the HS state. This stabilisation 
arises as a result of the higher occupancy of the eg orbitals, which exert a repulsive effect along the 
idealised ligand coordination sphere, hence a distorted octahedral coordination is energetically 
favoured. Conversely, LS states favour lower values of ∑ as the higher population of t2g orbitals, 
which lie between ligand axes, favour a more regular octahedron. 
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The deviations of the Fe-N≡C angle away from 180° in Hofmann-like materials can result in 
the stabilisation of the HS state. Linear Fe-N≡C angles lead to ideal orbital overlap between the 
metal and ligand, maximising the electron back donation from the Fe(II) t2g orbitals into the π* 
orbitals of the cyanido ligand, resulting in shorter Fe-N bond lengths. The stronger Fe-N bonds 
are favoured in the enthalpically stabilised LS state.    
1.6.5. Host-Guest Interactions 
Coordination frameworks which possess both void volumes and SCO centres enable the 
modulation of the crossover behaviour through host-guest interactions. These interactions consist 
of either outer-sphere solvent contributions to the ligand field strength of the SCO centre or 
potential steric effects relating to the internal pressure of the material. Furthermore, guest exchange 
can often result in modification of the geometric parameters defining the coordination sphere of 
the SCO centre, leading to the suppression of the SCO behaviour due to distortions in the metal 
octahedra or conversely, the formation of a more regular metal octahedron, promoting the SCO 
behaviour.  
Guest dependent SCO, where guest mediated interactions perturb the geometry and electronic 
environment of the SCO centres, were identified in the material [Fe2(azpy)4(NCS)4]·guest 
(azpy = trans-4,4-azopyridine) (Figure 1.9). The framework consists of Fe(II) centres bridged by 
azpy ligands to form 2D interpenetrated rhombic grids with axial thiocyanate molecules 
completing the coordination sphere. Guest dependent modulation of the local coordination 
geometry of the Fe(II) centres, in conjunction with slight adjustments in the orientation of the 
interpenetrated phases, led to the complete suppression of crossover behaviour in the apohost 
material. The inclusion of small guest alcohols, such as MeOH or EtOH, resulted in a single step 
crossover behaviour, whereas larger guests, such as isopropanol, led to two-step behaviour.61   
 
Figure 1.9. The SCXRD structures of [Fe2(azpy)4(NCS)4]·EtOH and the apohost material; demonstrating the structural 
changes of the Fe(II) centre in terms of pore geometry and thiocyanate orientation.61 
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1.7. Thermal expansion 
Positive thermal expansion (PTE), whereby a material expands upon heating, occurs in the vast 
majority of materials. The underlying cause of expansion relates to the anharmonicity of the 
interatomic potential well, where an increase in temperature excites a bond into a higher vibrational 
frequency, leading to an increase in the average equilibrium bond length (Figure 1.10). In the 
absence of any other overriding effect, the bond length increase can be propagated throughout the 
material, causing an overall expansion. 
 
Figure 1.10. Schematic diagram of the anharmonic potential well. 
The exploitation of this phenomenon, particularly the interaction between two materials with 
differing degrees of thermal expansion, has been used in industrial and household settings through 
shrink-fitting techniques and in liquid and bi-metallic thermometers.62,63 However, thermal 
expansion presents numerous obstacles in engineering, whereby temperature variance can cause 
material stress and/or changes in the dimensions of machine components, potentially 
compromising not only the structural integrity, but the precision of buildings and machines. 
In contrast, a material may display negative thermal expansion (NTE), whereby a material 
shrinks in response to increasing temperature. The cause of this phenomenon, despite its outward 
appearance, does not defy the interatomic potential well. Rather, the increase in equilibrium bond 
length is offset by solid state effects, principally displacive phase transitions, transverse vibrations, 
rigid unit modes and libration (Figure 1.11).62-64 Investigations into coordination frameworks which 
display NTE have focused primarily on materials which contain either oxide or cyanide linkages, 
where the transverse vibrations of these ligands may cause contraction of the material upon 
heating.16, 65, 66 
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Figure 1.11. Schematic of the apparent reduction in bond length due to libration.62 
Materials which display zero thermal expansion (ZTE), where a material neither expands nor 
contracts in response to temperature fluctuations, are of fundamental interest for both their rare 
behaviour and their wide-ranging applications. These materials have significance in systems that 
require high precision while undergoing temperature variations. Optics and photonics, as well as in 
materials where mechanical stresses from thermal shock are prevalent, may warrant the use of ZTE 
materials.  
1.7.6. Quantifying Thermal Expansion 
The thermal expansion of materials can be quantified by α, the coefficient of thermal 
expansion (CTE), which represents the fractional change in length or volume per temperature unit 
(Equation 1.1). The CTE for a crystalline material is comprised of the additive contributions along 
each crystallographic axis (Equation 1.2). 
Equation 1.1. 𝜶 =  
𝟏
𝓵𝒐
𝒅𝓵
𝒅𝑻
 𝒐𝒓 
𝟏
𝑽𝒐
𝒅𝑽
𝒅𝑻
  
Equation 1.2. 𝜶𝑽 =  𝜶𝒂 + 𝜶𝒃 + 𝛂𝒄 
When the expansion along each crystallographic axis is equal, as in materials with cubic 
symmetry, the thermal expansion is referred to as isotropic. Conversely, when the CTE along each 
crystallographic axis is not equal in magnitude or sign the expansion behaviour is referred to as 
anisotropic. Table 1.1. contains CTE for a range of cyanido-based materials. 
Table 1.1.  Effective linear CTE values for some common materials. 
Material Effective CTE (10-6 K-1) Material Effective CTE (10-6 K-1) 
Zn(CN)2 65 -16.9 MnIIPtIV(CN)616 -6.6 
Cd(CN)267# -20.4 NiIIPtIV(CN)616 -1.0 
Cd(CN)2·(CCl4) 67*  +10 ZnIIPtIV(CN)6·2H2O18 +1.8 
Cd(CN)2·(CCl4)067* -33.5 ZnIIPtIV(CN)618 -3.4 
# Interpenetrated framework. *non-interpenetrated framework. 
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1.7.7. Transverse Vibrations and Phonon Modes 
NTE can often be ascribed to electronic effects such as ferroelectric or magnetorestrictive 
phase transitions, whereby ordering of electron-spins results in either the shortening of bond 
lengths or a displacive phase change accompanied by a reduction in volume. In addition to this, 
NTE can also be ascribed to the vibrational motion of either the ligands or metal polyhedra of the 
material. These effects are known as transverse vibrations and rigid unit modes. 
The occurrence of NTE within cyanido-based coordination framework materials can often be 
rationalised by the vibrational motions of the molecules within the material. Phonons are quantised 
vibrational modes with specific frequencies and amplitudes. The population of different phonon 
modes within polymeric materials, as a function of temperature, can give rise to the thermal 
expansion behaviour of the material. Two important phonon modes within cyanido-based 
coordination frameworks containing linear M-CN-M bonds are longitudinal vibrations, which 
result in the lengthening of the M-CN-M bridge, and transverse vibrations, where the displacement 
of the cyanide ligand out of the M-CN-M plane acts to bring the two metal centres closer together 
(Figure 1.12). Transverse vibrational modes involve bending rather than stretching. As such, they 
are lower in energy and more populated at lower temperatures. As a consequence of this, the 
thermal expansion of the material is not necessarily linear with temperature, and can display 
significant variation in the coefficient of thermal expansion across a broad temperature range. 
 
Figure 1.12. A schematic of the transverse vibrations involving a) a monoatomic bridge and b) a diatomic bridge. 
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1.7.8.  Rigid Unit Modes 
Further to the vibrational modes described above, frameworks consisting of rigid 
corner-sharing polyehdra can also display NTE through vibrations known as rigid unit modes 
(RUMS). RUMs involve the bending or twisting of the corner sharing atom in a multidimensional 
array. This occurs such that the bond lengths and angles of the internal polyhedral atoms remain 
constant while the arrangement and spacing of the polyhedra rotates, resulting in NTE (Figure 
1.13). 
 
Figure 1.13. A schematic of RUMs in materials with monoatomic bridges. 
RUMs are particularly well defined in monoatomic bridged materials such as ZrW2O8, where 
the Zr-O-W linkages enable a CTE of -8.7 x 10-6 K-1 over the temperature range 0.3-603 K. 
Further to this, RUMs can be seen in cyanide-based materials where the oxide linkages are replaced 
by linear and rigid cyanides. The rigid triple bond within the ligand, and the comparatively weak 
M-L bonds, allow for transverse vibrations to become concerted throughout the material, acting as 
a RUM. Due to the greater flexibility of the cyanide ligand compared to the oxide, it is possible that 
the rotations of the polyhedra are decoupled and additional in-phase and out-of-phase RUMs are 
possible (Figure 1.14). 
 
Figure 1.14. A schematic of a) out-of-phase and b) in-phase RUMs in materials with diatomic bridges. 
 
a) b) 
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1.8. Factors Influencing Thermal Expansion in Coordination Frameworks 
1.8.9. Metal Dependence 
Coordination frameworks can display a compositional dependence regarding thermal expansion, 
primarily with metal substitution in isostructural materials. This compositional dependence has 
been shown in a series of dehydrated Prussian blue analogues, MII[PtIV(CN)6] where (M = Mn, Fe, 
Co, Ni, Cu, Zn, Cd). The isotropic NTE within these materials, excluding the Cu analogue which 
displays anisotropic NTE due to Jahn-Tellar distortion, lie between -1.02 x 10-6 K-1 and -
10.02 x 10-6 K-1 (Figure 1.15). The variations in CTE in these materials, 
MnII < FeII < CoII < NiII > CuII > ZnII > CdII, closely resemble the Irving–Williams series for 
high spin divalent metals, which is directly related to the M–N bond strength. As the M–N bond 
strength increases, as implied by the reduction in ionic radii of the metal species, the rate of 
thermal expansion is reduced. This effect can be rationalised by the increased rigidity of the M–N 
bond restricting the amplitude of vibrational motions in the ligand, constricting the magnitude of 
thermal expansion.16 
 
Figure 1.15. Linear coefficients of thermal expansion (♦) and cubic lattice parameters at 100 K (+) for MII[PtIV(CN)6] 
(where M = Mn, Fe, Co, Ni, Cu, Zn, Cd). The MII ionic radii are indicated.16, 68 
1.8.10. Host-Guest Interactions 
The presence of occluded guest or solvent molecules within the pores of coordination 
frameworks have been shown to influence not only the magnitude of thermal expansion but also 
its sign. The presence of guest water molecules within the Prussian blue analogue 
Zn[Pt(CN)6]·xH2O, led to PTE with an α of +2 x 10-6 K-1. Upon desolvation, the material exhibits 
NTE with an α of -3 x 10-6 K-1. The guest dependent thermal expansion of the material has been 
hypothesised to arise from the steric suppression of the transverse vibrations of the cyanido ligand 
by the guest molecules (Figure 1.16).18 As a result of steric obstruction, the energy required to 
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populate large amplitude transverse vibrations is raised, leading to the longitudinal modes being 
more thermally accessible. The removal of the guest molecules conversely lowers the energy 
required for high amplitude transverse vibrations, resulting in a greater magnitude CTE. 
Suppression of transverse vibrations within cyanido-based coordination frameworks has also been 
evidenced in Cd(CN)2·CCl4. Structural studies of this material confirmed the correlation between 
increased amplitudes of the transverse vibrational motions, through an increase in the atomic 
displacement parameters of the cyanido ligand, with a reduction in guest occupancy.67  
  
Figure 1.16. a) variable-temperature unit cell parameters for Zn[Pt(CN)6]·xH2O and Zn[Pt(CN)6]. b) A schematic 
diagram of the suppression of transverse vibrations in Zn[Pt(CN)6]·xH2O by occluded water molecules.18 
1.9. Magnetism 
Most materials can be divided into two broad categories: diamagnetic and paramagnetic. 
Diamagnetism is where there are no unpaired electrons within the material and results in magnetic 
susceptibility that is negative, opposing the direction of an induced field. Paramagnetism, on the 
other hand, results from the presence of unpaired electrons in the material. These unpaired 
electrons can orientate their spins in any direction, but upon inducing a magnetic field, as well as a 
reduction in the thermal agitation of spins, tends towards a parallel orientation with the field.  
Magnetic moments are often not isolated but interact with each other through overlap of 
electron orbitals. Interactions between magnetic moments can be characterised by their behaviour 
as a function of temperature. Upon cooling to the critical temperature, Tc, thermal agitation of the 
spins are reduced to a level equal to or below that of the spin-spin interaction, leading to a 
phenomenon known as ordering. For cyanide-based frameworks, Tc values are known to range 
from the sub-Helium to ambient temperatures.15 The behaviour caused by ordering can be 
Hydrated 
Framework
Dehydrated 
Framework
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classified as either ferromagnetic, where spins in neighbouring atoms are all parallel, or 
antiferromagnetic, where spins are antiparallel. 
The ordering of spins between two metal ions bridged by a diamagnetic ligand, as often found 
in coordination frameworks, can be described by the super-exchange model. Super-exchange 
interactions are mediated by the overlap of d-orbitals of two metal ions with the orbitals of a 
bridging ligand. Antiferromagnetism results from the overlap of two similar orbitals according to 
the Pauli Exclusion Principle, i.e., two electrons cannot have identical spins within the same orbital. 
Conversely, ferromagnetism occurs from the overlap of two orthogonal orbitals (Figure 1.17).58, 69, 
70 
 
Figure 1.17. a) Super-exchange ferromagnetic pathway through p orbital of a ligand between the d-orbitals of two metal 
ions. b) Super-exchange pathway through p-orbitals of a ligand and orthogonal d-orbitals of two metal ions, resulting in 
antiferromagnetism. The p-orbitals have been separated for clarity. 
Investigation of the magnetic properties of coordination frameworks has shown that 
considerable scope exists to fine-tune magnetic properties through the variation of metals, ligands 
and guest molecules.5 Through the addition of metal centres that have complementary orbital 
overlap with the ligands, it is possible to increase the Tc to a more accessible temperature. This 
 
 a) 
b) 
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strategy has been utilised in making a room temperature antiferromagnet from VII[CrIII(CN)6], a 
Prussian blue analogue.22 Complementary overlaps in the t2g orbitals of both Cr(III) and V(II), 
combined with the absence of electrons in orthogonal orbitals and the large number of 
magnetically linked neighbours, create a ferromagnetic compound with a high ordering 
temperature (Tc of 315 K). It is anticipated that this design knowledge can be utilised in creating 
porous magnetic frameworks for use in separations and temperature sensitive magnetic 
switches.23,71 
1.9.11. Quantification of Magnetic Susceptibility 
The response of a substance to an induced magnetic field is referred to as magnetic 
susceptibility, χm (molar susceptibility) or χg (gram susceptibility), and is defined by Equation 1.3 
where M is magnetic moment and H is the applied field. The magnetic susceptibility becomes 
linear at low values of H, usually below 0.5 T, and in paramagnets the gradient at these values is 
related to the size of the magnetic moments of the atoms.  
Equation 1.3. 𝛘 =  𝛅𝐌𝛅𝐇 
As frameworks can consist of both diamagnetic and paramagnetic components it is necessary 
to account for weak repulsion to the magnetic field caused by diamagnetism (Equation 1.4). The 
diamagnetic contribution of each constitutive part of the molecule is accounted for by Pascal’s 
constants,72 which are additive for each component with special corrections for double or triple 
bonded atoms. This can be used as a sufficient estimate for low molecular weight components, as 
seen in this thesis.  
Equation 1.4. 𝛘𝐭𝐨𝐭𝐚𝐥 =  𝛘𝐩𝐚𝐫𝐚 +  𝛘𝐝𝐢𝐚 
The molar magnetic susceptibility of uncoupled temperature dependent paramagnets can be 
modelled by the Curie law where 𝛽 is the Bohr magneton, k is the Boltzman constant, N is 
Avogadro’s constant, S is the spin quantum number and T is temperature. 
Equation 1.5. 𝛘 =
𝐍𝒈𝟐𝛍𝑩
𝟐
𝟑𝒌𝑻
𝑺(𝑺 + 𝟏) 
For a given spin multiplicity of the ground state Equation 1.5 can be simplified to Equation 1.6 
where C is the Curie constant. 
Equation 1.6. 𝛘 =
𝑪
𝑻
 
The Curie constant can be obtained experimentally from a plot of χT(T) which, as χ is 
dependent upon T, yields a straight horizontal line. 
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Equation 1.7. 𝐂 =  𝛘𝐓 
The Curie law does not account for interactions between spin centres and when coupling is 
present deviations from the Curie law are observed. These deviations can be modelled at high 
temperatures by the Curie-Weiss law (Equation 1.8), where θ is the Weiss temperature. 
Equation 1.8. 𝛘 =  
𝑪
𝑻−𝜽
 
Ferromagnetism occurs when θ > 0 and antiferromagnetism when θ < 0. Similarly, plots of χT 
versus T should yield a straight horizontal line, as paramagnetic susceptibility is temperature 
dependent. Deviations from this line, measured by the Weiss constant, can be used to model both 
ferromagnetism, as χT increases at low T, and antiferromagnetism, χT decreases at low T. 
1.10. Scope of Thesis 
This thesis details the synthesis and application of coordination frameworks and discrete 
organometallic complexes for their gas sorption, thermal expansion and magneto-structural 
properties. Each chapter correlates the local coordination environment and extended framework 
scaffolding with the materials properties, generating direct linkages between structure and function. 
Chapter 2 describes the gas sorption, catalytic and thermal expansion properties of two 
materials based on the secondary building unit [MnN(CN)4]2-. Two new materials, 
Zn[MnN(CN)4(H2O)]·2H2O·MeOH (1(Zn)·2H2O·MeOH) and Mn(H2O)2[MnN(CN)4(H2O)] 
(1(Mn)), have been characterised by single crystal with the aim of correlating the influence of a 
terminal nitride and charge dense open metal site on the materials gas sorption properties. In both 
frameworks these functional sites are orientated directly into the void spaces of the material, 
enabling these reactive sites to be probed for both their gas sorption and catalytic properties.   
Chapter 3 incorporates the square planar [Pd(CN)4]2- anion into a Hofmann-like clathrate, 
[Fe(bentrz)2Pd(CN)4]·H2O·EtOH (2·H2O·EtOH)(bentrz = (E)-1-phenyl-N-(1,2,4-triazol-4-
yl)methanimine), which comprises two crystallographically distinct Fe(II) centres. This chapter 
attempts to correlate the SCO behaviour of each centre with its local coordination environment as 
well as the interaction of pore solvent with the framework itself. Through the exchange of guest 
molecules with varying sizes and hydrogen bonding abilities, it was discovered that the SCO 
behaviour of both Fe(II) sites can be systematically switched on or off, leading to isostructural 
materials displaying contrasting SCO behaviours. 
In Chapter 4 three heterobimetallic one dimensional coordination polymers based on 
mixed valence ruthenium carboxylate paddlewheels connected by [Au(CN)2]- linkers are 
investigated. The properties of these one dimensional polymers are tuned through substituents 
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on the paddlewheels which influence the Ru-Au-Ru angle and hence the electronic properties 
of the polymer. A thorough range of physical properties is explored, including the solid state 
electrochemistry and magnetism. 
 Chapter 5 describes the first metal dependence investigation into the thermal expansion 
behaviour of a series of non-porous metal carbodiimide frameworks. The capacity of the NCN 
bridge to display transverse vibrations in these materials has been assessed, with the thermal 
expansion behaviour in the Mn, Fe, Co, Ni, Cu and Cd analogues has been shown to be sensitive 
to both the metal identity and differences in the packing of the [M(II)(N2)] brucite layers in each 
structure class, leading CTE values ranging from PTE to near ZTE. 
Chapter 6 details the efforts to synthesise a range of SBUs incorporating the redox active 
Mn(V) site, a terminal nitride and a range of bidentate capping ligands that can perturb both the 
electronic and steric environment of the complex. The materials discussed in this chapter form an 
isostructural series of complexes with the formula [PPh4][MnN(CN)3(diimine)], where 
diimine = 2,2'-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 5,5'-dimethyl-2,2'-bipyridine, 
1,10-phenanthroline or bipyrimidine. The investigation into the effect of ligand substitution on 
both the redox activity of the Mn(V) site, as well as the effect on the nucleophilicity of the terminal 
nitride, has been assessed.  
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Chapter 2: Coordination Frameworks 
Incorporating the [MnN(CN)4]
2- Subunit 
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2.1. Overview 
Coordination frameworks have increasingly been investigated as materials for CO2 capture and 
storage due to their high internal surface areas, large pore volumes and tuneable structures.1 
Current research has identified that unsaturated metal sites and pendant amine groups lead to 
enhanced uptake or selectivity of CO2 over other guest molecules, due in part to their electrostatic 
interaction with the quadrupole moment of CO2.2-4 The inclusion of nitrogen-containing groups 
within coordination frameworks, via the grafting of amine groups onto unsaturated metal sites, has 
primarily been aimed at mimicking the acid–base interactions of the alkanolamines, which are 
currently used to chemically absorb CO2.2,5-7 The incorporation of these functionalities can result in 
a significant increase in CO2 adsorption compared with non-grafted materials at the low partial 
pressures relevant to flue gas capture. 
In this chapter, two new cyanido-based coordination frameworks incorporating a 
coordinatively unsaturated metal site and terminal nitride, Zn[MnN(CN)4(H2O)]·2H2O·MeOH 
(1(Zn)·2H2O·MeOH) and Mn(H2O)2[MnN(CN)4(H2O)]·xH2O·yMeOH (1(Mn)), have been 
structurally characterised. By virtue of the nitride containing [MnN(CN)4]2-, as well as an 
unsaturated metal site, the pore environments in these materials give rise to potential gas sorption 
properties, which have been investigated in the robust 1(Zn)·2H2O·MeOH material. The 
[MnN(CN)4]2- SBU also possesses interesting catalytic8 and electrochemical properties9 in the 
solution state as a result of the active Mn(V) centre, and is known to give rise to unique thermal 
expansion properties when incorporated into framework materials.10 On this basis, an assessment 
of the catalytic performance of the frameworks for the epoxidation of cyclopentene was 
performed, as well as an investigation into their thermal expansion properties. 
2.2. Synthesis 
2.2.1. [PPh4]2[MnN(CN)4] 
[PPh4]2[MnN(CN)4] was synthesised according to previously reported methods.9 
N,N'-Ethylenebis(salicylideneimine) (H2Salen) (0.53 g, 1.9 mmol) was suspended in methanol 
(80 mL) and heated to 50 °C. Mn(OAc)2·4H2O (0.53 g, 1.9 mmol) was then added to the solution 
and refluxed for 1 hr. The solution was cooled to room temperature followed by the drop wise 
addition of NH3(aq) (15 M, 230 mmol, 15 mL). NaOCl (25 mL, 1.7 M) was then added with 
vigorous stirring. The solution was cooled to 0 °C and dichloromethane (80 mL) was added. The 
organic layer was then extracted from water (40 mL) and further washed with water (6 x 60 mL). 
MnN(salen) was isolated upon evaporation.  
MnN(salen) (0.33 g, 0.98 mmol) was dissolved in a water: methanol mixture (5:1, 15 mL) and 
NaCN (2.7 g, 56 mmol) added and heated under reflux. [Me4N]Cl (3.6 g, 32 mmol) was added and 
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the solution filtered while hot. Upon cooling, pink crystals of [Me4N]2Na[MnN(CN)5]·H2O formed 
(0.38 g, 1.3 mmol, 64%).  
[Me4N]2Na[MnN(CN)5]·H2O (0.38 g, 1.3 mmol) was dissolved in water (7 mL) and NaCN 
(0.98 g, 2 mmol) added. A solution of [PPh4]Cl (0.72 g, 1.6 mmol) in water (10 mL) was added to 
yield an orange precipitate of [PPh4]2[MnN(CN)4]·2H2O (0.97 g, 1.2 mmol, 73%). 
2.2.2. Zn[MnN(CN)4(H2O)]·2H2O·MeOH (1(Zn)·2H2O·MeOH) 
Crystals of 1(Zn)·2H2O·MeOH were grown by slow diffusion via the ‘vial in vial’ technique. 
[PPh4]2[MnN(CN)4] (8.1 mg, 0.01 mmol) as a dry powder was placed inside a 21 mL vial. A smaller 
2 mL vial containing Zn(OAc)2·2H2O (1.8 mg, 0.01 mmol) as a dry powder was then placed inside 
the larger vial. Both vials were then filled with a cold 1:1 mixture of H2O:MeOH so as not to 
disturb the powders. Over the course of several weeks a small crop of yellow plate-like crystals 
formed. These crystals were then swathed in paratone oil while still solvated and mounted on a 
mohair fibre for collection on a single crystal X-ray diffractometer. 
Bulk synthesis of 1(Zn)·2H2O·MeOH was achieved by the slow addition of 
[PPh4]2[MnN(CN)4] (81 mg, 0.1 mmol) in a mixture of H2O:MeOH (1:1, 50 mL) to a slowly stirred 
solution of Zn(OAc)2·2H2O (18 mg, 0.1 mmol) in a mixture of H2O:MeOH (1:1, 50 mL). The 
subsequent fine yellow powder was filtered and washed successively with H2O and MeOH to 
yield 1(Zn)·2H2O·MeOH (0.22 g, 0.68 mmol, 84% ). IR (cm-1, n = narrow, b = broad, s 
=strong, m = medium, w = weak): 3646, 3570 (MeOH n, s), 3351 (H2O, b, s), 2178 (νCN, n, s), 
1604 (MnN, n, w), 1606 (n, s), 554 (n, s), 455 (n, s). 
2.2.3. Mn(H2O)2[MnN(CN)4(H2O)]·xH2O·yMeOH (1(Mn)) 
Crystals of 1·Mn were grown by the slow diffusion of two layered solutions. A H2O:MeOH 
mixture (1:3, 10 mL) of [PPh4]2[MnN(CN)4] (8.1 mg, 0.01 mmol) was carefully layered on top of a 
H2O:MeOH mixture (3:1, 10 mL) of MnCl2·4H2O (1.6 mg, 0.01 mmol). Small cubic single crystals 
of 1(Mn) formed over the course of two weeks. IR (cm-1, n = narrow, b = broad, s =strong, m = 
medium, w = weak): 3351 (H2O, b, s), 2176 (νCN, n, s), 1606 (MnN, n, w), 1606 (n, s), 559 (n, s), 
450 (n, s). 
The synthesis of a powder sample of 1(Mn) could not be obtained by traditional rapid mixing 
or solvothermal techniques.  
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2.3. Structural Characterisation 
2.3.1. Structure of 1(Zn)·2H2O·MeOH 
The crystal structure of 1(Zn)·2H2O·MeOH was solved and refined in the tetragonal space 
group P42/mmc with unit cell dimensions of a = 7.5110(10) and c = 13.4593(5) Å at 100 K. The 
asymmetric unit consists of a Mn(V) centre bridged to a Zn(II) centre by a cyanido ligand. The 
Mn(V) site (Figure 2.1) forms a distorted octahedron with four C-coordinated cyanido ligands in 
the equatorial plane. A terminal nitride (Mn≡N bond length of 1.64(3) Å) and water molecule 
(Mn-OH bond length of 2.20(2) Å) are bound axially. The entire [MnN(CN)4(H2O)] unit is 50:50 
disordered about the ac-mirror plane. Despite an expectation that the distorted tetrahedral 
coordination of the Zn(II) centre might favour long-range ordering of its orientation, no evidence 
was found in the raw diffraction images. 
Due to the overlap of the N atom of the nitride with the O atom of the coordinated H2O 
molecule (from the disordered component) the thermal ADPs for these two atoms were restrained 
to be equivalent. As anisotropic refinement of the cyanido ligand led to elongation and overlapping 
of the thermal ellipsoids of the disordered component, the cyanido ligands were modelled 
isotropically. 
 
Figure 2.1. Coordination environment of the Mn(V) and Zn(II) centres of 1(Zn)·2H2O·MeOH. 
Through the combination of the square planar Mn(V) 4-connector node and tetrahedral Zn(II) 
node the material adopts a non-interpenetrated PtS network structure. The pore network occupies 
56% of the crystal volume; the narrowest pore windows in the ab plane have dimensions of 3.7 x 
4.4 Å2 and in the c-direction 5.2 x 5.2 Å2 (Figure 2.2), with the axial Mn(V) sites projecting directly 
into this pore space. The internal surface area of the material is significantly higher than other 
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structurally comparable materials, [N(CH3)4][CuPt(CN)4] and Zn[M(CN)4] (M = Ni, Pd, Pt), due to 
the absence of interpenetration or charge balancing cations.11, 12 The lack of interpenetration may 
result from the increased steric bulk of the terminal nitride, which prevents the formation of the 
additional phase. A hydrogen bonded network between the coordinated solvent on the Mn(V) site 
may also prevent the formation of a non-interpenetrated phase.  
 
Figure 2.2. Pore structure of 1(Zn)·2H2O·MeOH parallel to the a) c-axis and b) the a-axis. Solvent and hydrogen atoms 
have been removed for clarity 
 
a) 
b) 
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Additional structural models for 1(Zn)·2H2O·MeOH were explored, where long-range 
ordering of the MnN(CN)4(H2O) unit led to a more regular tetrahedral geometry at the Zn centre. 
Lower symmetry structural models, particularly those with alternating alignment of the nitride unit 
along the a- and b-axes of the parent cell, relieved the local strain at the Zn site (requiring unit cell 
modulation). Reduction of the diffraction data into this model, in the a′ = √2a = 10.6223, c′ = c 
supercell, and examination of precession images provided no evidence for long-range modulation, 
with solution and refinement in P42/mnm (in which the ac-mirror planes in the parent P42/mmc cell 
are absent) yielding an inferior refinement to the higher symmetry disordered model in the parent 
cell. 
PXRD analysis revealed that the initial synthesis of the sample resulted in ZnO impurities, 
presumably originating as a contaminant in the Zn(OAc)2 reagent (Figure 2.3). The sample was 
purified using density separation. A suspension of the impure sample in dibromomethane 
(d = 2.5 g cm-3) resulted in ZnO (d = 5.6 g cm-3) sinking to the bottom of the sample vial and the 
framework (d = 1.5 g cm-3) floating to the top. Filtering the framework and washing it in H2O and 
MeOH resulted in no loss of crystallinity or apparent solvent exchange with complete removal of 
ZnO impurity peaks in the PXRD pattern. Removal of the ZnO impurity was also monitored by 
energy-dispersive X-ray spectroscopy, where the desired 1:1 ratio of Mn:Zn indicated no ZnO 
impurities. Due to the catalytically active nature of ZnO, subsequent measurements on samples 
originating from a fresh and non-contaminated reagent bottle were used for catalysis 
measurements. 
 
Figure 2.3. PXRD patterns of pure 1(Zn)·2H2O·MeOH (blue line), ZnO (red line) and impure 1(Zn)·2H2O·MeOH 
(black line). 
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Infrared spectroscopy, in conjunction with SCXRD, was used as a preliminary evaluation of 
the nucleophilic character of the terminal nitride in 1(Zn)·2H2O·MeOH. The νMn≡N of the 
framework material at 1090 cm-1 is blue-shifted compared to other structurally characterised 
complexes containing the Mn(V)≡N moiety and correlates well with the short bond length 
(1.633(3) Å) observed in the framework. This blue-shifted νMn≡N and short bond length provide 
preliminary indications that the nitride possesses a low nucleophilic character and subsequently a 
weak interaction with CO2.  
2.3.2. Structure of 1(Mn) 
The crystal structure of 1(Mn) was solved and refined in the face centred cubic space group 
Pmm with a unit cell dimension of 10.6088(2) Å at 150 K. The asymmetric unit consists of a 
Mn(II) and Mn(V) atom bridged by a cyanido ligand. The Mn(V) site forms a distorted octahedron 
with four equatorially C-coordinated cyanido ligands. A terminal nitride (Mn≡N 
distance 1.524(14) Å) and water molecule (Mn-O distance 1.696(16) Å) are bound axially. Both the 
Mn(V) site and the axial ligands are 50:50 disordered about the ab mirror plane. The Mn(II) centre 
contains two trans-coordinated H2O molecules, modelled as oxygen atoms, with the coordination 
sphere completed by the N-termini of cyanido ligand from four [MnN(CN)4]2- complexes (Figure 
2.4).  
The Mn(V) centre acts as a square planar 4-connector node and bridges the Mn(II) site. Each 
adjacent [MnN(CN)4]- node is rotated by 90° around the linear cyanido bridge, extending the 
framework in three dimensions with a topology analogous to NbO (Figure 2.5). This rotation 
differs from the (4,4)-net square grid topology seen in Hofmann structures, typical of materials 
containing square planar tetracyanido-metallate moieties. As no obvious energetic penalty exists for 
the rotation of the tetracyanido-metallates, it is presumed that the formation of the NbO topology 
may be a consequence of host-guest interactions between the framework and the solvent. In 
related cyanido-based NbO frameworks, the coordinated water molecules on the site equivalent to 
the Mn(II) centre are orientated such that hydrogen bonds with the methanol molecule are located 
at the centre of the pore.13 It is this interaction which has been attributed to the formation of the 
NbO phase over that of a Hofmann. Further support for this effect can be seen in the inability to 
grow crystals of this material in polar aprotic solvents. 
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Figure 2.4. The coordination sphere of the Mn(V) and Mn(II) centres in 1(Mn). Atoms are represented as thermal 
ellipsoids at 50% probability. 
 
Figure 2.5. a) Unit cell of 1(Mn) showing large void volume in the centre of the cell (disorder has been removed for 
clarity). b) Perspective view of the pore channels when viewed parallel to cell axis 
The pore network of the material occupies 59% of the crystal volume, with a small square 
window in the ab plane as well as a larger hexagonal window in the 110 hkl plane comprising the 
solvent accessible channels. The terminal nitride and coordinated solvent on the Mn(V) and Mn(II) 
sites are orientated directly into these channels. The pore volume is large for cyanido-based 
coordination frameworks, with the archetypal Prussian blue analogues having a pore volume of 
approximately 37%, and pore volumes increasing for analogues with charge balancing defects.14 As 
such, the cubic NbO phase can be correlated to an extremely vacant Prussian blue analogue. 
1(Mn) is highly sensitive to both the solvation state of the material as well as atmospheric 
conditions. Retention of the Pmm phase is only evident when the material remains in a 1:1 
b) a
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H2O:MeOH solution. Isolation of a dry powder in atmospheric conditions, or solvent exchange 
with water, led to the emergence of a second crystalline phase which could not be indexed with a 
cubic space group (Figure 2.6a). This phase change is not evident when a sample of 1(Mn), loaded 
wet into an open-ended capillary, is heated under a N2 atmosphere. Upon heating, a direct 
transition from the NbO phase to an amorphous phase is observed, indicating that the air-dried 
phase transition is not related to the removal of pore solvent (Figure 2.6b). The formation of the 
amorphous phase in the VT-PXRD correlates well with the complete removal of pore solvent, as 
determined by thermogravimetric analysis, indicating that the NbO phase is not stable to 
desolvation. 
The instability of 1(Mn) to desolvation potentially arises from the Mn(II) site, where the 
removal of the two axially coordinated solvents may convert the Mn(II) from an octahedral 
geometry to a tetrahedral environment. It is possible that this structural change propagates 
throughout the material and leads to the loss of long range order. For the framework to retain the 
NbO-based structure upon desolvation, the Mn(II) site needs to favour a square planar geometry. 
As such, substituting this metal site for either Cu(II) or Ni(II) may impart greater stability to 
desolvation by the elongation of axially coordinated solvent according to Jahn-Teller effects. 
Synthesis of the Ni(II) and Cu(II) analogues were of limited success. Substitution of Cu(II) 
salts led to the formation of an amorphous powder, while using the Ni(II) salts led to poorly 
crystalline materials with low repeatability and yield. Regardless, VT-PXRD and TGA data 
collected on a small batch of crystalline Ni(H2O)2[MnN(CN)4(H2O)] indicated an improvement in 
the thermal stability of the compound, with decomposition to an amorphous phase occurring at 
200 °C (Appendix A). TGA of the material indicated that these elevated temperatures were 
sufficient to remove the coordinated water on the Ni(II) atom, as indicated by the mass loss of 
10 %, equivalent to the removal of approximately two molecules of water per formula unit. Due to 
the poor repeatability and yield of the synthesis, porosimetry measurements could not performed. 
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Figure 2.6. a) PXRD patterns of predicted 1(Mn) (black line), as-grown in methanol (blue line) and air-dried sample (red 
line). b) VT-PXRD pattern of 1(Mn) showing loss of crystallinity upon desolvation without conversion to the air dried 
product. 
 
 
a) 
b) 
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Table 2.1. Crystallographic data for 1(Zn)·2H2O·MeOH and 1(Mn) 
Compound  1(Zn)·2H2O·MeOH 1(Mn)  
Formula weight  324.49  330.00  
Temperature/ K  100(2)  150(2)  
Crystal system  tetragonal  cubic  
Space group  P42/mmc  Pmm  
a / Å  7.51110(10)  10.6088(2)  
b / Å  7.51110(10)  10.6088(2)  
c / Å  13.4593(5)  10.6088(2)  
Volume / Ǻ3  759.33(3)  1193.99(4)  
Z  2  4  
ρcalc / mg mm-3  1.419  1.641  
μ / mm-1  2.416  1.630  
F(000)  324.0  575.0 
Crystal size / mm3  0.16 × 0.09 × 0.08  0.08 × 0.09 × 0.08 
2θ range for data collection  9.78 to 52.68°  3.84 to 82.32°  
Reflections collected  11832  9217  
Data/restraints/parameters  469/ 1 / 27  852/ 2 / 29  
Goodness-of-fit on F2  1.110  1.259  
Final R indexes [I≥2σ (I)][a]  R1 = 0.0428, wR2 = 0.1218  R1 = 0.0752, wR2 = 0.2310  
Final R indexes [all data][b]  R1 = 0.0446, wR2 = 0.1233  R1 = 0.0863, wR2 = 0.2502  
Largest diff. peak/hole/e Ǻ-3  1.08/ -0.24  2.17/ -1.90  
[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]]1/2. 
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2.4. Gas Sorption 
The N2 sorption isotherm at 77 K was measured on a methanol-washed sample of 
1(Zn)·2H2O·MeOH which was desolvated at 90 °C for 24 hours under vacuum to produce 
Zn[MnN(CN)4MeOH] (1(Zn))(Figure 2.7). Interpretation of the reversible type I isotherm using 
the Brunauer-Emmet-Teller (BET) equation yielded an estimated surface area of 537.3 ± 0.6 m2/g, 
which is comparable to other cyanide-based frameworks such as Prussian blues, M[Co(CN)6]2/3 
(M = Mn, Fe, Co, Ni and Cu), and tetracyanido-based frameworks with surface areas in the ranges 
of 560-870 m2/g, and 127-398 m2/g, respectively.15 In comparison, the closest structurally related 
framework, Zn[Ni(CN)4], is reported to contain two interpenetrated networks and is effectively 
non-porous with a surface area of 8.32 m2/g.12 The saturation uptake of 6.5 mmol/g corresponds 
to 1.8 molecules of N2 per formula unit.  
 
Figure 2.7. N2 adsorption (filled blue circles) and desorption (empty circles) isotheerms and H2 adsorption (filled red 
squares) and desorption (empty red squares) isotherms at 77 K. 
The CO2 isotherm of 1(Zn) displays a reversible uptake of 5.0 wt% (1.14 mmol/g) at 298 K 
and 1 bar, corresponding to 0.3 molecules of CO2 per formula unit (Figure 2.8). This uptake is 
broadly comparable to other frameworks with similar pore volumes such as Prussian blues 
(8-12 wt% CO2 uptake at 1 bar).16,17 The hydrogen sorption capacity of 1(Zn) at 77 K was 
determined to be 0.84 wt% at 1 bar, which is also in the range observed for Prussian blues (Figure 
2.7).18,19 
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Figure 2.8. CO2 adsorption (filled green circles) and desorption (empty circles) isotherms and N2 adsorption (filled blue 
triangles) and desorption (empty triangles) at 298 K. 
The isosteric heat of adsorption (–Qst) for CO2 was calculated from the Clausius–Clapeyron 
equation using adsorption isotherms collected at 298, 308 and 318 K (Figure 2.9b). At low 
coverage, –Qst was 34 kJ/mol, which is indicative of a physisorptive interaction between CO2 and 
the framework, possibly to a small proportion of coordinately unsaturated Mn(V) sites. With 
increasing coverage, –Qst declined rapidly to 21 kJ/mol, then more gradually to 15 kJ/mol at higher 
loadings (Figure 2.9a), which is consistent with the physisorption of CO2 onto itself.  
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was employed to probe 
the interaction of CO2 with adsorption sites in the framework (Figure 2.10). A methanol-washed 
sample of 1(Zn)·2H2O·MeOH was activated in situ at 90 °C for 16 h whereupon the broad peak 
centred at 3000 cm-1 disappeared, indicating the removal of the occluded water solvent, while the 
peaks at 2856 and 2926 cm-1, which are indicative of coordinated MeOH,20, 21 were retained. 
Activation of the framework under vacuum at temperatures above 110 ºC resulted in an 
amorphous powder with reduced surface area (ca. 230 m2/g), indicative of framework collapse. 
Consequently, it was postulated that the octahedral coordination of the Mn(V) site is important to 
the structural integrity of the framework upon guest desorption.  
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Figure 2.9. a) Calculated isosteric heat of adsorption of CO2. b) CO2 adsorption (filled squares) and desorption (open 
squares) isotherms at (a) 298, (b) 308 and (c) 318 K. 
To investigate whether the terminal nitride ligands interact strongly with the guest CO2 
molecules, the νMn≡N stretch at 1090 cm-1 in the DRIFTS spectrum of Zn[MnN(CN)4(MeOH)] was 
monitored at various loadings of CO2 (Figure 2.10). As the concentration of CO2 increased, no 
change in νMn≡N was observed, indicating that the nitride ligand is not sufficiently nucleophilic to 
interact strongly with CO2.  
Due to the instability of 1(Mn) to desolvation and the low repeatability and yields in the synthesis 
of Ni(H2O)2[MnN(CN)4(H2O)], all gas sorption measurements were performed on 1(Zn). 
 
Figure 2.10. DRIFTS of 1(Zn)·2H2O·MeOH (black line) activated 1(Zn) (red line) and 1(Zn) with 1 bar of CO2 (blue 
line). 
b) a) 
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2.5. Catalysis 
 [PPh4]2[MnN(CN)4], the discrete complex from which both materials are synthesised, has been 
shown to be a homogeneous catalyst in terms of the epoxidation of alkenyl substrates and the 
oxidation of alcohols to aldehydes.8 The reaction utilises a strong oxidant, H2O2, with complete 
conversion of the substrate in less than 10 mins. The reaction has high selectivity and product 
yields greater than 75%. 
Both 1(Zn)·2H2O·MeOH and 1(Mn) have accessible Mn(V) sites and large pore volumes, 
making both materials candidates for catalysis studies. The key differences between emulating the 
reaction of the discrete complex with the frameworks, is the conversion to a heterogeneous 
catalytic system as opposed to a homogeneous system. Consequently, additional considerations 
such as retention of crystallinity, metal leaching and reagent exclusion/selectivity are required to 
evaluate the effectiveness of the material. 
In order to determine whether the samples were stable to the harsh oxidising conditions, both 
materials were exposed to an acetonitrile solution containing two molar equivalents of H2O2 for 24 
hours. The samples were isolated by filtration and washed with a 1:1 H2O:MeOH solution. The 
resulting PXRD pattern of 1(Zn)·2H2O·MeOH indicated that the framework remained crystalline 
with no significant broadening of peak shape or loss of intensity (Figure 2.11). While this form of 
analysis does not provide high sensitivity towards metal leaching, it is indicative that the 
architectural scaffolding of the material is robust to the experimental conditions. The NbO phase, 
1(Mn), was not robust to the presence of H2O2, dissolving upon extended exposure. The 
instability of 1(Mn) compared to 1(Zn)·2H2O·MeOH may be attributed to the redox activity of 
the Mn(II) site over the redox inert Zn(II). 
 
Figure 2.11. PXRD pattern of 1(Zn)·2H2O·MeOH before (black) and after (red) H2O2 exposure. 
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The size selectivity imparted by the pore dimensions of 1(Zn)·2H2O·MeOH, in terms of 
enabling the free diffusion of reactants through the material, was extrapolated from the 
crystallographic model and gas adsorption isotherms. DFT modelling from the 77 K N2 adsorption 
isotherm indicated that 1(Zn)·2H2O·MeOH consists of accessible channels with widths of 5.6, 
7.3 and 11.8 Å. These dimensions correlate well with the crystallographic pore widths determined 
by SCXRD with widths of 5.2 x 5.2 Å2 for the square pores in the c-direction, as well as pore 
channels in the region 3.7-13.5 Å2 for the large hexagonal channels in the bc plane. 
From the pore size modelling, reagents such as trans-β-methylstyrene and cyclopentene were 
chosen as being appropriately sized for the epoxidation of alkenyl substrates. Thermogravimetric 
analysis was conducted to experimentally determine whether these reagents could diffuse 
throughout the material. A dry powdered sample of 1(Zn)·2H2O·MeOH was desolvated at 90 °C 
under a dry N2 stream until the mass of the sample stabilised. The sample was then exposed to a 
N2 stream with high partial pressures of 2-phenylethanol, toluene or methanol, representative of 
varying reagent size constraints. Upon exposure to the vapour streams the sample quickly 
recovered any mass loss, indicating that the pore dimensions of the material would not limit the 
diffusion of these reagents. Consequently, cyclopentene was chosen as the test substrate due to its 
small size and a favourable separation in retention time on the GC-MS column with the 
cyclopentane oxide.  
The catalytic conversion of cyclopentene to cyclopentane oxide by 1(Zn)·2H2O·MeOH was 
monitored over a 24 hour time period. The rate of conversion was monitored by a gas 
chromatography mass spectrometer. The Head Space Solid Phase Microextraction (HS-SPME) 
technique was utilised to minimise damage to the separation column by residual H2O2. 
Table 2.2. Catalysis results from the conversion of cyclopentene to cyclopentene oxide by 1(Zn)·2H2O·MeOH 
Reaction medium Supernatant aliquot 
Time 
(hours) 
[cyclopentene 
oxide] (mM)  
Conversion 
(%)a 
Time after catalyst 
removed (hours) 
[cyclopentene
 oxide] (mM)  
Conversion 
(%)a 
0 0 0 0 1.0 1 
1 0.1 0 18 34.3 11 
2.5 0.2 0 21 74.7 23 
3 1.0 1    
21 78.5 25    
24 168.8 53    
Table 2.3. a Conversion (%) based on [cyclopentene] identified at time = 0 by GC–MS 
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No conversion to cyclopentaneoxide was detected until three hours had elapsed, whereupon an 
exponential increase occurred. The slower catalytic turnover of the framework compared to the 
discrete complex is to be expected based on the poor mass transfer kinetics associated with the 
slow diffusion of reactants and products throughout the material. The extremely slow initial 
turnover rate, combined with the exponential increase in turnover after three hours, may be 
indicative of catalytically active metal ions leaching into the reaction medium. To determine 
whether leaching was occurring, a sample of the supernatant of the reaction medium was removed 
from the catalyst by centrifugation after three hours and monitored by GC-MS. The turnover of 
cyclopentene to cyclopentanoxide in the isolated supernatant continued, indicating that metal 
leaching from the framework was occurring. 
2.6. Thermal expansion 
The presence of transverse vibrations in cyanido-based materials, whereby out-of-plane 
vibrations of the cyanido ligand cause the contraction of the material in response to increasing 
temperature, are well-known and characterised in materials which have linear M-CN-Mʹ motifs.22-24 
By comparison, the non-planar geometry of the [MnN(CN)4]2- subunit in 1(Zn)·2H2O·MeOH 
causes a deviation of Mn-CN-Zn motif away from planarity. As such, the presence of transverse 
vibrations leading to NTE in 1(Zn)·2H2O·MeOH were investigated. 
VT-PXRD data collected over the temperature range of 100-280 K on 1(Zn)·2H2O·MeOH 
(Figure 2.12) indicated that the material displayed linear PTE in all axes with a CTE value of 
1.4 x 10-6 K-1 and 5.8 x 10-6 K-1 for the a- and c-axis, respectively, and an overall volumetric 
expansion of 34.1 x 10-6 K-1. The magnitude of PTE within the solvated material is comparable to 
that of other solvated cyanide based materials viz. Prussian blue analogues.25 In comparison, 
VT-PXRD experiments between 100-280 K on 1(Zn) (Figure 2.13) indicated that the material 
displayed linear PTE in the a-axis of 1.3 x 10-6 K-1, comparable to that of the solvated sample, and 
linear NTE in the c-axis, with a CTE value of -8.5 x 10-6 K-1. Overall, a volumetric expansion of 
16.2 x 10-6 K-1 was calculated.  
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Figure 2.12. Variable temperature unit cell dimensions for the 1(Zn)·2H2O·MeOH. Volume is depicted as red triangles, 
a-axis as black squares and the c-axis as blue circles 
 
Figure 2.13. Variable temperature unit cell dimensions for 1(Zn). Volume is depicted as red triangles, a-axis as black 
squares and the c-axis as blue circles. 
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The guest dependent thermal expansion of 1(Zn)·2H2O·MeOH may arise from the steric 
influence of the guest molecules. The solvent accessible pore volume of 216.7 Å3 in 
1(Zn)·2H2O·MeOH is commensurate with the crystallographically assigned pore content of four 
H2O (19.5 Å3) and two MeOH (53.6 Å3) molecules, accounting for approximately 85% of the pore 
volume. This efficient packing of the pore space by guest molecules is hypothesized to suppress 
the amplitude of transverse vibrations of the cyanido ligand. As a result of the steric obstruction, 
the energy required to populate large amplitude vibrational modes is raised, leading to the 
longitudinal stretching modes being more thermally accessible. The removal of the guest molecules 
conversely lowers the energy required for high amplitude transverse vibrations, resulting in a 
negative coefficient of thermal expansion, which is observed in 1(Zn).  
Similar guest dependence on the transverse vibrations of the cyanido ligand has been 
characterised in M[Pt(CN)6]·xH2O (M = Zn, Cd).25 PTE is observed in the solvated Zn(II) 
analogue, where the guest solvent occupies 88% of the pore volume. Upon guest removal, the 
Zn(II) analogue displays NTE, with structural refinements of the material revealing pronounced 
temperature and guest dependent atomic displacement parameters of the C and N atoms 
perpendicular to the Pt-CN-Zn axis, consistent with the presence of low-energy transverse 
vibrations. By comparison, the Cd(II) analogue, which possesses identical guest occupancy but 
larger pore volume, does not display strong guest dependency on the NTE behaviour of the 
material. 
 
Figure 2.14. A schematic diagram of the suppression of transverse vibrations in Zn[Pt(CN)6]·xH2O by occluded water 
molecules.25 
The anisotropic changes in the thermal expansion of 1(Zn) may also correlate with the 
reduction in the distortion of the ZnN4 tetrahedral angles, whereby the N-Zn-N angles which are 
highly correlated to the a- and b-axes have non-ideal values over the range 105.7(7)-106.7(2)° 
(labelled a in Figure 2.15), while the N-Zn-N angle most closely associated with the c-axis has a 
slightly obtuse angle of 110.8(6)° (labelled b in Figure 2.15). An increase in the N-Zn-N angles 
associated with the a- and b-axes towards an ideal tetrahedral angle of 109.5° would lead to an 
increase in the corresponding lattice parameters and can be visualised by the contraction of the 
large hexagonal pore along the c-axis and the concomitant expansion of the rhombohedral pore 
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along the b-axis (Figure 2.15). Confirmation of these changes would require either a single-crystal 
to single-crystal desolvation of 1(Zn)·2H2O·MeOH, which fractures the crystal, or Rietveld 
modelling on high resolution PXRD patterns. 
 
Figure 2.15. A diagram showing the N-Zn-N angles corresponding to the a- and b-axes (a), as well as the c-axis (b). 
Curiously, previous coordination frameworks which incorporate the [MnN(CN)4]2- subunit 
have exclusively shown PTE.10 The absence of NTE within these materials has been rationalised 
based upon the non-linear nature of the Mn-CN-M′ bridges. The transverse vibrations in the 
non-linear Mn-CN-M′ bridge cause the vibrational motion of the secondary metal to occur in a 
perpendicular direction compared to the primary metal (Figure 2.16). 
 
Figure 2.16. a) Thermal contraction caused by rotational motion of the cyanide anion between two metal centres. b) 
Expansion caused by the same motion in a non-linear M-CN-M linkage. 
a) 
b) 
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2.7. Summary 
The [MnN(CN)4]2- subunit has been successfully incorporated into two new coordination 
frameworks, 1(Zn)·2H2O·MeOH and 1(Mn). The differing coordination preference of the 
secondary metals (tetrahedral for Zn(II) and octahedral for Mn(II)) resulted in the formation of a 
PtS and NbO topology respectively. In both topologies, a terminal nitride and an unsaturated metal 
site on the [MnN(CN)4]2- subunit project into the pore space of the material, making these 
materials attractive candidates for gas sorption studies. The removal of coordinated solvent on the 
Mn(II) site of 1(Mn) led to the loss of long range order in the material, indicating that the structure 
was not robust for gas sorption applications. The more stable PtS phase, 1(Zn)·2H2O·MeOH, 
was stable to the removal of pore solvent, however, a coordinated solvent molecule on the Mn(V) 
centre was shown to be integral to the structural integrity of the desolvated framework. Despite the 
terminal nitride functionality exhibiting a weak affinity towards CO2, as compared frameworks with 
other pendant nitrogen-based moieties, the material exhibits a preference for CO2 over N2 at 
temperatures and pressures relevant to flue gas separation. 
Preliminary investigations into the catalytic ability of 1(Zn)·2H2O·MeOH in the epoxidation 
of cyclopentene by H2O2 indicated limited conversion to cyclopentene oxide; however, this 
conversion was still observed in samples where the catalyst was removed from the reaction 
medium after several hours, suggesting that some degree of metal leaching had occurred. The 
instability of 1(Mn) to H2O2 was assigned to the redox activity of the Mn(II) centre. 
1(Zn)·2H2O·MeOH displayed guest dependent thermal expansion, with the fully solvated 
material displaying PTE in all unit cell dimensions and the apohost material, 1(Zn), displaying 
uniaxial NTE in the c-axis. The contrasting expansivity has been assigned to the suppression of the 
amplitude of transverse vibrations by the sterically obstructing guest molecules. Removal of the 
guest molecules results in a lowering of the energy required for high amplitude transverse 
vibrations, resulting in a more negative coefficient of thermal expansion as observed in the 
desolvated material.  
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Chapter 3: Guest Dependent Spin Crossover 
in [Fe(bentrz)2Pd(CN)4]·Guest 
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3.1. Overview 
Spin crossover (SCO) is a well-established phenomenon, whereby the reversible switching 
between the high spin (HS) and low spin (LS) electronic states in response to an external stimulus 
may lead to distinctive changes in molecular geometry, colour and magnetism.1,2 Highly 
cooperative systems, which display abrupt and metastable spin transitions, have received attention 
for application in data storage and memory devices through their ability to act as a binary switch.3-
10 Through the incorporation of differing SCO centres within one material, multi-step transitions 
are possible, i.e., materials that display three or more regions of thermally stable and magnetically 
distinct states. The additional complexity of these multi-step materials give rise to enhanced 
memory storage capacities, as well as providing additional sites with which to tune the SCO 
behaviour of the material and to explore relationships between structure and magnetic properties.  
The coexistence of SCO and nanoporosity within coordination frameworks enables the 
perturbation of the spin transitions by host-guest interactions, giving rise to potential chemical 
sensing applications.11-16 By integrating these properties, new smart materials which are capable of 
inducing predetermined signals in response to changes in their immediate environment can be 
developed. 
In coordination frameworks, this has notably been achieved in [Fe2(azpy)4(NCS)4]·guest 
(azpy = trans-4,4′-azopyridine), in which the SCO behaviour can be switched on or off depending 
on guest size.16 Guest dependent modulation of the local coordination geometry of the Fe(II) 
centres in this material, in conjunction with slight adjustments in the orientation of the 
interpenetrated phases, occurs from the inclusion of small guest alcohols such as MeOH or EtOH 
and lead to a single-step crossover behaviour. Comparatively, structural influences from larger 
guests such as isopropanol lead to two-step behaviour.   
Guest modulated SCO has also been observed in the pillared Hofmann material, 
[Fe(pz)Ni(CN)4]·x(guest) (pz = pyrazine). In this material, the interplay between host-guest 
attraction/repulsion perturbs the crystal packing and leads to temperature shifts in the SCO 
behaviour, with the HS state being stabilised by the inclusion of larger guests.17 
In this work we present a Hofmann-like clathrate, [Fe(bentrz)2Pd(CN)4]·H2O·EtOH 
(2·H2O·EtOH)(bentrz = (E)-1-phenyl-N-(1,2,4-triazol-4-yl)methanimine), which comprises two 
crystallographically distinct Fe(II) centres. The SCO behaviour of the differing Fe(II) sites is 
rationalised in regards to the structural features of the material – primarily the geometrical 
parameters of the Fe(II) sites, guest-guest and host-guest interactions. Through the exchange of 
guest molecules with varying sizes and hydrogen bonding abilities, the SCO behaviour of both 
Fe(II) sites can be systematically switched on or off, leading to isostructural materials that display 
either a single-step or multi-step transition, as well as the complete stabilisation of the HS state. 
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3.1. Synthesis 
Bentrz was synthesized according to literature procedures.18 4-Amino-1,2,4-triazole (1.5 g, 
18 mmol) and benzaldehyde (2.3 g, 22 mmol) were dissolved in absolute ethanol (50 mL), along 
with four drops of concentrated H2SO4. The solution was then heated to reflux for 1 hr to yield a 
white solid upon cooling. Recrystallisation from ethanol/diethyl ether yielded pure bentrz (2.5 g, 
15 mmol, 85%). 
Single crystals of 2·H2O·EtOH suitable for SCXRD were grown by the slow diffusion of 
Fe(ClO4)2·xH2O (0.042 mmol, 10 mg), bentrz (0.083 mmol, 13 mg) and K2[Pd(CN)4] (0.041 mmol, 
11 mg) in a H2O:EtOH mixture (1:1, 20 mL). 
3.2. Structural Characterisation of 2·H2O·EtOH 
Single crystal structural analysis of 2·H2O·EtOH at 200 K revealed a monoclinic C2/c space 
group with unit cell dimensions a = 26.5335(9), b = 7.4453(3), c = 29.3511(9) Å and 
β = 110.036(5)°. The material resembles a Hofmann-like clathrate with octahedral Fe(II) centres 
bridged by [Pd(CN)4]2– anions in the equatorial plane to create an undulating square grid motif of 
FePd(CN)4. The octahedral coordination sphere of each Fe(II) ion is completed by a capping 
bentrz ligand bound in a monodentate fashion. The overall 2D topology formed interdigitates such 
that the bentrz ligands of each layer π-stack in a ‘head-to-tail’ fashion with the adjacent layer 
(Figure 3.1). 
 
Figure 3.1. a) The undulated 2D Hofmann-like clathrate structure of 2·H2O·EtOH. b) The inter-layer head-to-tail 
π-stacking of 2·H2O·EtOH. 
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The material consists of two unique Fe(II) sites (Fe1, Fe2) which can be distinguished by their 
Fe–N≡C angles; the angles associated with Fe1 (164.2(4), 170.4(4)°) deviate significantly more 
from the idealised 180° than those of Fe2 (177.6(4), 178.1(5)°). The non-linear angle of the Fe1 site 
is facilitated by ‘zipper-like’ hydrogen bonding networks between adjacent bentrz ligand (Figure 
3.2), causing Fe1 to pucker out of the Fe2–Pd1 plane. Furthermore, a difference in the orientation 
of the bentrz ligand coordinated to Fe(II) centres is observed, with the Fe1-N5-N6 angle 
(129.1(3)°) more obtuse than the Fe2-N9-N10 angle (120.8(3)°). At 200 K, the Fe-N bond lengths 
of both Fe(II) sites are between 2.146(4)-2.193(4) Å, indicative of a HS environment at both sites. 
Due to the greater tilt angle of the Fe1 octahedron compared to that of Fe2, the associated 
bentrz ligands of Fe1 and Fe2 protrude into the interlayer spacing differently (Figure 3.2 and 
Figure 3.3). This leads to two distinct regions along the b-axis of alternating complementary 
H-bonding and guest-filled cavities (Figure 3.2 and Figure 3.3), with void volume calculations 
indicating a solvent accessible volume of 17.2%. One H2O molecule, hydrogen bonded to the N10 
atom of a bentrz ligand, and one EtOH molecule, which is 50:50 disordered over two locations, 
occupy the pores.  
 
Figure 3.2. The intra-layer ‘zipper-like’ hydrogen bonding network and pore network of 2·H2O·EtOH. 
H-bonding region Guest region 
a 
c 
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Figure 3.3. The location of solvent in 2·H2O·EtOH, in particular the disorder and inefficient packing of the EtOH 
molecules.  
Thermogravimetric analysis of a sample of 2·H2O·EtOH (Figure 3.4), loaded in the solvent of 
synthesis, displays a two-step mass loss, with the first dramatic step suggestive of the facile removal 
of the EtOH molecule in conjunction with the surface solvent. The second step corresponds to the 
removal of one H2O molecule per formula unit, with the higher temperature required for 
desorption indicative of a favourable hydrogen bonding site. 
 
Figure 3.4. Thermogravimetric analysis of 2·H2O·EtOH, with the initial step corresponding to the removal of surface 
solvent and the pore EtOH, and the second step corresponding to the removal of a hydrogen bonded H2O molecule. 
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3.3. Variable Temperature Studies of 2·H2O·EtOH 
Variable temperature magnetic susceptibility measurements indicate an abrupt, single-step 
hysteric SCO transition (↓T½ = 136 K, ↑T½ = 154 K) with a thermal hysteresis width of 18 K in 
the cooling and heating curves (Figure 3.5).* The change in χMT (3.3 cm3 K mol-1 to 
1.8 cm3 K mol-1) is consistent with the conversion of all HS Fe(II) sites to a 1:1 ratio of HS:LS 
Fe(II) sites.  
 
Figure 3.5. Variable temperature magnetic susceptibility data for 2·H2O·EtOH (dark circles) and the desolvated material 
2 (faded circles). The spin state of each Fe(II) site is displayed as either HS (yellow) or LS (purple).  
In order to assess the structural consequences of SCO, SCXRD data were additionally 
collected at 100 K, representing the low temperature plateau region of the magnetic susceptibility 
data. The 100 K crystal structure of 2·H2O·EtOH revealed the same monoclinic C2/c space 
group as the 200 K, structure with unit cell dimensions a = 26.6098(9), b = 7.296(2), 
c = 28.9626(9) Å and β = 110.651(3)°. Upon cooling to 100 K, the Fe-N bonds of the Fe2 site 
undergo a contraction of ~0.2 Å, indicating a spin transition at this site. No contraction in the 
corresponding bond lengths of the Fe1-N6 octahedron is observed, indicating the retention of the 
HS state at this site.  
The HS and LS domains in 2·H2O·EtOH order as parallel strips along the b-axis within the 
FePd(CN)4 grid, as well as a checkerboard pattern in the ac plane, where adjacent Fe(II) sites are of 
opposing spin states (Figure 3.6). Consequently, each Fe(II) centre has four adjacent Fe(II) sites of 
opposing spin states and two Fe(II) centres of the same spin state. This high density of opposing 
spin states in adjacent Fe(II) sites can maximise the influence of short-range structural changes 
associated with SCO, and may lead to an increased cooperative effect in the material. 
                                                     
 Unless otherwise stated, all variable temperature magnetic moments were conducted in an isothermal 
approach mode. 
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Figure 3.6.  A schematic of the HS (yellow balls) and LS (purple balls) domains in 2·H2O·EtOH. All ligands have been 
represented as equivalent rods for clarity. 
The cooperativity of 2·H2O·EtOH is manifested in an anti-cooperative manner, leading to an 
increase in the undulation of the FePd(CN)4 square grid. This increased undulation leads to further 
distortions in the Fe1 site, which is reflected in Σ and the Fe-N≡C angles. Upon spin switching, the 
Fe2-N6 octahedron becomes more regular (Σ of 11.3 to 3.9°) and retains linear Fe-N≡C angles, 
consistent with LS states favouring regular coordination spheres. Conversely, the contraction of 
the bond lengths in the Fe2-N6 octahedron leads to greater distortion in the Fe1-N6 octahedron (Σ 
of 9.28 to 14.4°), as well as a larger deviation of the Fe-N≡C angles away from an ideal 180° 
(165.5(4)-170.4(4) to 164.9(7)-168.7(6)°), further disfavouring a spin transition in the Fe1 site. The 
relevant bond length and angle changes for 2·H2O·EtOH are detailed in Table 3.1 and Table 3.2.  
Despite the preference for spin transitions to occur in regular Fe-N6 octahedra (defined by the 
Σ parameter), it is the more distorted Fe2-N6 centre that undergoes SCO. The preference for Fe2 
to undergo a spin transition compared to Fe1 may originate from the stronger ligand field, 
stemming from the complementary orbital overlap of the cyanido and bentrz ligands. From the 
direct approach of the cyandio (180°) and bentrz (120°) ligands, a more complementary orbital 
overlap with the lone pair of the ligands may lead to a stronger ligand field strength around the Fe2 
site (Fe2-N≡C = 177.6(4)-178.1(5), Fe2-N9-N10 = 120.8(3)) compared to Fe1 
(Fe1-N≡C = 165.5(4)-170.4(4), Fe1-N5-N6 = 129.1(3)), promoting the HS→HS:LS transition 
(refer to Table 3.2). 
 
 
 
b 
c 
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Table 3.1. Crystallographic data for 2·H2O·EtOH 
 HS:LS HS 
Formula [Fe(bentrz)2Pd(CN)4]·H2O·EtOH [Fe(bentrz)2Pd(CN)4]·H2O·EtOH 
Temperature/K 100(2) 200(2) 
Crystal system monoclinic monoclinic 
Space group C2/c C2/c 
a / Å 26.6098(9) 26.5335(9) 
b / Å 7.2960(2) 7.4453(3) 
c / Å 28.9626(9) 29.3511(9) 
α / ° 90 90 
β / ° 110.651(3) 110.036(5) 
γ / ° 90 90 
Volume / Å3 5261.6(3) 5447.4(4) 
Z 8 8 
ρcalc / mg mm-3 1.696 1.638 
μ / mm–1 1.283 1.239 
Independent reflections 6976 [R(int) = 0.0596] 7278 [R(int) = 0.0435] 
Data / restraints / parameters 6976 / 8 / 357 7278 / 8 / 357 
Goodness–of–fit on F2 1.063 1.066 
Final R indexes [I≥2σ(I)] [a], [b] R1 = 0.0914, wR2 = 0.2170 R1 = 0.0629, wR2 = 0.1722 
Final R indexes [all data] [a], [b] R1 = 0.1235, wR2 = 0.2416 R1 = 0.0872, wR2 = 0.1915 
[a] R1 = Σ||Fobs| – |Fcalc||/Σ|Fobs. [b] wR2 = [Σ[w(Fobs2 – Fcalc2)2]/Σ[w(Fobs2)2]]1/2. 
Table 3.2. Relevant bond lengths and angles for 2·H2O·EtOH. 
Bond length or angle HS:LS (100 K) HS (200 K) 
d(Fe1-N) range (Å) 2.140(7)-2.179(5) 2.146(4)-2.186(4) 
d(Fe2-N) range (Å) 1.947(6)-1.986(7) 2.148(4)-2.193(4) 
Σ(Fe1 / Fe2) (°) 14.4, 3.9 9.28, 11.3 
∠(Fe1-N≡C) range (°) 164.2(7)-169.4(6) 165.5(4)-170.4(4) 
∠(Fe2-N≡C) range (°) 178.0(5)-178.0(7) 177.6(4)-178.1(5) 
Fe1-N5-N6 (°) 128.9(5) 129.1(3) 
Fe2-N9-N10 (°) 120.9(5) 120.8(3) 
N6··H15 (Å) 3.001(9) 3.098(5) 
N8··H22 (Å) 3.112(9) 3.173(6) 
N10··O1w (Å) 2.77(2) 2.796(5) 
N12··H5 (Å) 2.723(9) 2.822(5) 
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The influence of the Fe-N-N(triazole) angle on the SCO behaviour of monodentate triazole 
ligands can be correlated to recent findings.19 SCXRD analysis of a related Hofmann clathrate, 
[Fe(thtrz)2Pd(CN)4]·EtOH·H2O (thtrz = N-thiophenylidene-4H-1,2,4-triazol-4-amine), which 
incorporates two distinct Fe(II) centres and displays HS→HS:LS→LS transitions, reveals a strong 
dependence on the Fe-N-N(triazole) angle. In this material, SCO readily occurs in the Fe(II) centre 
when the Fe-N-N(triazole) angle approaches 120° (Fe-N-N(triazole) = 121.3°, ↓T½ = 228 K, 
↑T½ = 244 K), while the HS state is stabilized in the Fe(II) centre with a more obtuse 
Fe-N-N(triazole) angle (Fe-N-N(triazole) = 131.3°, ↓T½ = 123 K, ↑T½ = 142 K). The authors 
attributed the two-step behaviour to mechano-elastic stresses which inhibit the HS:LS→LS 
transition; however, the reduced ligand field strength, imparted by the indirect coordination of the 
triazole moiety, may also influence this. 
Both the intra-layer ligand-ligand hydrogen bond network and the inter-layer head-to-tail 
π-stacking of the bentrz ligands in 2·H2O·EtOH may augment the anti-cooperative effect. Upon 
conversion to the HS:LS state, a subtle change in the tilt of the bentrz ligand coordinated to the 
Fe1 site leads to a closer association between the N12··H5 hydrogen bond (distances of 2.822(5) Å 
in HS state and 2.723(9) Å in the HS:LS state), potentially locking in place the distorted geometry 
of the Fe1 centre and stabilising the HS:LS state. Additionally, the inter-layer π-stacking of the 
bentrz ligands are further offset such that the parallel displaced configuration leads to a more 
favourable quadrupole/quadrupole interaction between the π-stacking phenyl and triazole rings. 
The offset π-π stacking originates from the reduction of the Fe2-N6 bond lengths, allowing the 
bentrz ligands of adjacent layers to slide against each other, and may act to stabilise the HS:LS state 
as a corresponding reduction in the Fe1-N6 bond lengths in adjacent layers would reduce this 
offset. 
Analysis of the changes of unit cell dimension from VT-PXRD and VT-SCXRD collections 
are commensurate with the magnetic data, displaying a single-step discontinuous single-crystal to 
single-crystal transition between the HS and HSLS states (Figure 3.7). A slight shifting of the 
transition temperatures and hysteresis widths can be related to both sample preparation and 
discrepancies between cryostream and sample temperatures. The broadening and lowering of the 
onset temperature of the spin transition in the VT-PXRD patterns, compared with the abrupt 
magnetic response of the sample, is consistent with the introduction of additional defect sites 
caused by the grinding of crystals into a powder. As the spin transition within 2·H2O·EtOH is a 
highly cooperative solid state phase transition, small homogeneous domains of minority spin states 
grow until a critical size has been reached, initiating the abrupt transition. The additional crystal 
defects introduced by the grinding of the sample leads to an increase in the activation energy for 
the growth of these domains, inhibiting their propagation.20, 21 
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Figure 3.7. a) VT-PXRD patterns of 2·H2O·EtOH over the range 5-9°, displaying abrupt shift in Bragg peaks with 
cooling and heating (200→120→200 K). b) Relative change in unit cell parameters (200→120→200 K) derived from Le 
Bail extractions (volume (maroon), b-axis (navy), c-axis (black) and a-axis (purple). Inset depicts change in β angle 
(green)). 
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3.4. Guest Dependency – The Role of Hydrogen Bonding  
The influence of the N10··O1w hydrogen bond on the SCO behaviour of the material was 
investigated by desolvation of 2·H2O·EtOH at 100 °C under vacuum to yield 2, as well as 
complete guest substitution with MeCN to yield 2·1.3MeCN, which can be obtained by soaking 
either 2·H2O·EtOH or 2 in MeCN. The structure of both materials are inferred to be isostructural 
with 2·H2O·EtOH from their powder X-ray diffraction patterns, which are fully indexed in the 
C2/c space group. Le Bail extractions for 2 and 2·1.3MeCN (a = 26.547(9), b = 7.307(2), 
c = 29.497(10) Å, β = 109.74(7)° and a = 27.003(2), b = 7.457(3), c = 29.939(12) Å, β = 109.31(3)° 
respectively at 300 K) are directly comparable to 2·H2O·EtOH (a = 27.186(8), b = 7.4318(16), 
c = 29.8313(5) Å, β = 109.83(5)° at 300 K), indicating that no significant structural deviations occur 
upon guest removal/substitution. 
The stoichiometry of MeCN within the pores of 2·1.3MeCN was estimated by vapour 
sorption studies, with a maximum adsorption of approximately 1.3 moles of MeCN per formula 
unit (Figure 3.8). The comparatively high partial pressure for adsorption, as well as the hysteretic 
retention of the MeCN molecules until low partial pressures in the desorption profile, is indicative 
of a gated adsorption process.17 This process is suggestive of a high energy barrier to the initial 
adsorption of MeCN, possibly related to the energy cost required to separate the contracted layers 
of the desolvated material. 
 
Figure 3.8. MeCN vapour adsorption (closed circles) and desorption (open circles) isotherms for 2. 
Variable temperature magnetic susceptibility measurements indicate that both materials retain 
the HS state over the temperature range 50-300 K. As the materials differ in the identity and 
occupancy of the pore volumes it is presumed that the removal of the N10··O1w hydrogen bond 
facilitates a weaker ligand field associated with the Fe2 site. This effect, not previously documented 
in coordination frameworks incorporating 1,2,4-triazoles, has been observed in the discrete 
complex [Fe(4,4ˈ-bi-1,2,4-triazole)2(NCS)2]n·nH2O, which exhibits highly cooperative SCO 
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behaviour when hydrogen bonds are formed between the lattice solvent and unsaturated triazole 
nitrogen.22 Removal of the hydrogen bonded solvent, resulting in minor structural modifications, 
leads to the complete disappearance of the SCO behaviour, as seen here for 2 and 2·1.3MeCN. As 
such, the attenuation of the ligand field strength by the guest···triazole hydrogen bond is important 
for the promotion of SCO. 
3.5. Guest Dependency – The Role of Guest Size 
The influence of the guest size on the SCO behaviour of 2·H2O·Guest was investigated by 
systematic substitution of interstitial guests with varying steric contributions. As the presence of 
the N10··O1w hydrogen bond is important for SCO to occur in these systems, all guest exchange 
has centred around the substitution of the lattice solvent that does not participate in the 
N10···O1w hydrogen bond. 
3.5.1 Characterisation of 2·3H2O 
Exposure of single-crystals of 2·H2O·EtOH to atmospheric conditions leads to the 
substitution of EtOH for H2O via a single-crystal to single-crystal transformation to yield 
[Fe(bentrz)2Pd(CN)4]·3H2O (2·3H2O). 2·3H2O is isostructural with 2·H2O·EtOH and was 
solved in the C2/c space group with unit cell dimensions a = 26.4752(2), b = 7.436(6), 
c = 29.3821(3) Å and β = 109.9900(10)° at 200 K. The HS structure of 2·3H2O is closely similar to 
that of 2·H2O·EtOH, with minimal changes in the bond lengths and angles associated with the 
Fe-N6 octahedra (Table 3.3 and Table 3.4). The pore network of the material is occupied by three 
water molecules (Figure 3.9), of which one is hydrogen bonded to the N10 atom of the bentrz 
ligand (Ow1), one is fully occupied in the centre of the pore (Ow3) and the other is 50:50 
disordered over two sites (Ow2A and Ow2B). 
 
Figure 3.9. The location of pore solvent within 2·3H2O. 
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Table 3.3. Relevant bond lengths and angles for HS states for 2·3H2O and 2·H2O·EtOH at 200 K. 
 2·3H2O 2·H2O·EtOH 
Spin state  HS (200 K) HS (200 K) 
d(Fe1-N) range (Å) 2.148(4)-2.189(5) 2.146(4)-2.186(4) 
d(Fe2-N) range (Å) 2.142(6)-2.196(7) 2.148(4)-2.193(4) 
Σ(Fe1 / Fe2) (°) 11.4, 11.0 9.28, 11.3 
∠(Fe1-N≡C) range (°) 166.3(3)-170.6(3) 165.5(4)-170.4(4) 
∠(Fe2-N≡C) range (°) 178.4(5)-179.0(7) 177.6(4)-178.1(5) 
Fe1-N5-N6 (°) 129.4(3) 129.1(3) 
Fe2-N9-N10 (°) 121.2(3) 120.8(3) 
N6··H15 (Å) 3.120(5) 3.098(5) 
N8··H22 (Å) 3.188(6) 3.173(6) 
N10··O1w (Å) 2.812(10) 2.796(5) 
N12··H5 (Å) 2.825(6) 2.822(5) 
Table 3.4. Crystallographic data comparing the HS states for 2·H2O·EtOH and 2·3H2O. 
 HS HS 
Formula [Fe(bentrz)2Pd(CN)4]·3H2O [Fe(bentrz)2Pd(CN)4]·H2O·EtOH 
Temperature/K 200(2) 200(2) 
Crystal system monoclinic monoclinic 
Space group C2/c C2/c 
a / Å 26.4752(2) 26.5335(9) 
b / Å 7.436 7.4453(3) 
c / Å 29.3821(3) 29.3511(9) 
α / ° 90 90 
β / ° 109.990(10) 110.036(5) 
γ / ° 90 90 
Volume / Å3 5435.87(7) 5447.4(4) 
Z 8 8 
Independent reflections 5700 [Rint = 0.0538] 7278 [R(int) = 0.0435] 
Data / restraints / parameters 5700/ 0 / 343 7278 / 8 / 357 
Goodness–of–fit on F2 1.085 1.066 
Final R indexes [I≥2σ(I)] [a], [b] R1 = 0.0491, wR2 = 0.1435 R1 = 0.0629, wR2 = 0.1722 
Final R indexes [all data] [a], [b] R1 = 0.0561, wR2 = 0.1495 R1 = 0.0872, wR2 = 0.1915 
[a] R1 = Σ||Fobs| – |Fcalc||/Σ|Fobs. [b] wR2 = [Σ[w(Fobs2 – Fcalc2)2]/Σ[w(Fobs2)2]]1/2. 
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Due to the disordered nature of the water molecules throughout the pore, confirmation of the 
identity and stoichiometry of the guest molecules in 2·3H2O was achieved by a combination of 
thermogravimetric analysis, vapour sorption studies and elemental analysis. Thermogravimetric 
analysis of 2·3H2O (Figure 3.10) is commensurate with the crystallographically assigned 
stoichiometry and displays a two-step mass loss, with the first step equivalent to two H2O 
molecules per formula unit and the second step equivalent to a single H2O molecule per formula 
unit.  
 
Figure 3.10. Thermogravimetric analysis of 2·3H2O. 
In contrast, the H2O sorption studies identified a maximum adsorption of 2.5 H2O molecules 
per formula unit (Figure 3.11). The adsorption of a single water molecule at low partial pressures is 
consistent with the presence of a favourable hydrogen bonding interaction with the N10 atom of 
the bentrz ligand. The adsorption of the additional water molecules occurs at partial pressure 
commensurate with laboratory humidity levels, with the higher partial pressures reflective of the 
absence of any strongly favoured adsorption sites.  
 
Figure 3.11. H2O vapours adsorption (closed circles) and desorption (open circles) isotherms for 2. 
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Elemental analysis performed on 2·3H2O identified 3.92 H2O molecules per formula unit 
(found C 38.8; H 3.2; N24.6, expected for [Fe(bentrz)2Pd(CN)4]·3.92H2O C 38.7; H 3.5; 24.7). Of 
note, the expected composition of 2·3H2O lies outside the commonly accepted error of 0.4% 
(C 39.7; H 3.3; N 25.3), however, due to the potential for the adsorption of H2O on the exterior 
surface of the material, in conjunction with the crystallography, thermogravimetric analysis and 
vapour sorption studies, we conclude that there is a maximum presence of three H2O molecules 
per formula unit.  
The variable temperature magnetic susceptibility of 2·3H2O displays an abrupt three-step 
hysteric spin transition (Figure 3.12). The first hysteretic step corresponds to the transition 
between Fe(II) HS→HS:LS states (↓T½ = 154 K, ↑T½ = 162 K) and occurs approximately 13 K 
higher than this transition in 2·H2O·EtOH. The conversion of the HS:LS state to a fully LS state 
proceeds via a two-step hysteretic transition upon heating and cooling, characterised by the 
HS:LS→1:3 HS:LS transition (↓T½ = 126 K, ↑T½ = 133 K) and 1:3 HSLS→LS transition 
(↓T½ = 117 K, ↑T½ = 126 K). The final χMT values of 0.2 cm3 K mol-1 indicate an almost complete 
transition to the LS state of all Fe(II) sites. 
 
Figure 3.12. Magnetic susceptibility 2·3H2O. The spin state of each Fe(II) site is displayed as either HS (yellow) or LS 
(purple). The number of unique Fe(II) sites in the LS state is estimated as the crystal structure is currently unknown. 
The SCXRD structure of the HSLS state of 2·3H2O is remarkably similar to the HS:LS state 
of 2·H2O·EtOH, as seen in the structure overlay (Figure 3.13). In both materials the Fe1 site 
undergoes SCO, with the Fe2 site remaining HS. An anti-cooperative effect is observed in both 
materials with an increase in the undulation of the FePd(CN)4 layer. This is evident from the 
greater deviation of the Fe-C≡N angle away from 180°, as well as an increase in Σ of the Fe1 site.  
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Figure 3.13. Structure overlay of HS:LS states of 2·H2O·EtOH (black) and 2·3H2O (yellow). 
Owing to the structural similarities between 2·H2O·EtOH and 2·3H2O (Figure 3.13, Table 
3.5), the spin transitions from the HS:LS to LS state are likely to arise from indirect guest 
contributions, rather than structural modifications in the scaffolding of the material. These guest 
contributions may take the form of i) outer-sphere solvent effects, although the long through bond 
distance and lack of hydrogen bonding interactions between lattice solvent and the bentrz ligand 
coordinated to Fe2 may negate this, ii) reduced guest volume leading to a decrease in the steric 
suppression towards the contraction of the material (Figure 3.14), or iii) subtle guest-host or 
guest-guest rearrangements, leading to a lower enthalpic barrier to SCO.  
 
Figure 3.14. An overlay of the pore solvent (depicted as van der waals radii) and the solvent accessible surface area of the 
apohost material (displayed in blue and depicting the accessible locations of solvent nuclei). Of note is the inefficient 
packing of the EtOH molecules which intrude upon sovent in-accessible area generated by the tilt of the bentrz ligands. 
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Unlike the half-step SCO transition to the HS:LS state, which requires no symmetry change 
due to the presence of two inequivalent Fe(II) sites in the HS structure, the presence of the two-
step feature in the lower temperature hysteresis loop suggests that a symmetry change accompanies 
the stabilization of the 3LS:HS state. Structural analysis at 100 K reveals a crystallographic phase 
transition from C2/c to P21/n, corresponding to a halving in symmetry, to yield three 
crystallographically distinct Fe(II) sites, such that the Fe1 site of the parent structure splits into two 
distinct sites (Fe1A and Fe1B), each now on inequivalent inversion centers with the loss of unit cell 
C-centering. Average Fe-N bond length analysis indicates that the driving force for this Fe1 site 
distinction is that one of the Fe1 sites remains HS (Fe1A) and the other converts to LS (Fe1B) 
(Table 1). Thus, a 3LS:1HS ratio of Fe(II) sites is generated at this narrow plateau region of the 
magnetic transition (Figure 3.12).  
Notably, there are several key modifications to the structure of the 1:3 HS:LS state compared 
with the HS:LS state. As a result of every second Fe1 site undergoing a spin transition, there exists 
two distinct pore environments, one where the rectangular pore window is defined by four LS sites 
(two Fe2 sites and two Fe1B sites) and another which comprises a combination of LS and HS sites 
(two Fe1A sites and two Fe2 sites). As a consequence of the contraction of bond lengths at the 
Fe1B site, the cross sectional area of the fully LS pore window is markedly smaller than that of the 
pore window comprising of HS and LS sites. This reduced pore aperture results from the 
contraction of the Fe1B bond lengths and leads to (or stems from) the ordering of the pore H2O 
molecules with the 50:50 disorder in Ow2A and Ow2B removed, and the equivalent Ow5 atom 
fully occupied (Figure 3.15). 
 
Figure 3.15. The pore structure of the 1:3 HS:LS state of 2·3H2O viewed along a) the b-axis and b) the c-axis.  
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Furthermore, upon the spin transition to the LS state, the Fe1B-N6 octahedron becomes 
significantly more ordered (Σ of 16.4 to 5.6°), as well as transitioning to a more planar geometry 
(Fe1B-N≡C angles of 164.0(3)-169.4(3) to 169.1(4)-174.0(6)° and Fe1B-N5B-N6B angle of 
129.7(6) to 127.3(5)°). These geometrical changes also lead to a more favourable coordination 
sphere for SCO to occur in the Fe1A centre, where an increase in the distortion of the Fe1A-N6 
octahedron (Σ of 16.4 to 18.4°) is offset by a more favourable Fe-N-N(triazole) angle 
(Fe1A-N5A-N6A angle of 129.7(6) to 126.9(6)°) which, in conjunction with the ordering of pore 
solvent, may enable the spin transition to a fully LS state. 
Table 3.5. Relevant bond lengths and angles for HS, HS:LS and 1:3 HS:LS states for 2·3H2O. 
 2·3H2O 2·3H2O 2·3H2O 
Spin state  1:3 HS:LS (100 K) HS:LS (130 K) HS (200 K) 
d(Fe1-N) range (Å) 1.934(10)-2.013(9) 2.142(3)-2.185(4) 2.148(4)-2.189(5) 
d(Fe2-N) range (Å) 1.920(10)-1.994(10) 1.948(4)-1.984(4) 2.142(6)-2.196(7) 
d(Fe1B-N) range (Å) 2.121(11)-2.174(10) N/A N/A 
Σ(Fe1), (Fe2) (Fe1B)(°)  5.6, 9.9, 18.4 16.4, 3.5 11.4, 11.0 
∠(Fe1-N≡C) range (°)  169.1(4)-174.0(6) 164.0(3)-169.4(3) 166.3(3)-170.6(3) 
∠(Fe2-N≡C) range (°) 174.5(7)-176.3(6) 178.9(5)-179.0(7) 178.4(5)-179.0(7) 
∠(Fe1B-N≡C) range (°) 165.4(7)-169.0(7) N/A N/A 
Fe1-N5-N6 (°) 127.3(5) 129.7(6) 129.4(3) 
Fe2-N9/13-N10/14 (°) 120.6(4)-121.5(5) 120.2(7) 121.2(3) 
Fe1B-N5B-N6 (°) 126.9(6) N/A N/A 
N10··Ow1 / N14··Ow4 (Å) 2.77(2) / 2.76(2) 2.75(2) 2.805(10) 
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Table 3.6. Crystallographic data for 2·3H2O. 
 1:3 HS:LS HS:LS HS 
Formula [Fe(bentrz)2Pd(CN)4]
·3H2O 
[Fe(bentrz)2Pd(CN)4]
·3H2O 
[Fe(bentrz)2Pd(CN)4]
·3H2O 
Formula weight 608.74 608.74 608.74 
Temperature/K 100(2) 130(2) 200(2) 
Crystal system monoclinic monoclinic monoclinic 
Space group P21/n C2/c C2/c 
a / Å 26.480(5) 26.5529(14) 26.4752(2) 
b / Å 7.2231(15) 7.2804(5) 7.436 
c / Å 28.774(6) 29.9809(13) 29.3821(3) 
α / ° 90 90 90 
β / ° 110.34(3) 110.530(5) 109.990(10) 
γ / ° 90 90 90 
Volume / Å3 5160.4(18) 5246.6(5) 5435.87(7) 
Z 8 8 8 
ρcalc / mg mm-3 1.572 1.708 1.610 
Independent reflections 10410 [Rint = 0.0842] 5458 [Rint = 0.0944] 5700 [Rint = 0.0538] 
Data / restraints / 
parameters 
10410/ 0 / 340 5458/ 0 / 343 5700/ 0 / 343 
Goodness–of–fit on F2 1.174 1.150 1.085 
Final R indexes [I≥2σ(I)] [a]
,[b] 
R1 = 0.1206, 
wR2 = 0.2517 
R1 = 0.0802, 
wR2 = 0.2380 
R1 = 0.0491, 
wR2 = 0.1435 
Final R indexes [all data] [a], 
[b] 
R1 = 0.1489, 
wR2 = 0.2643 
R1 = 0.0920, 
wR2 = 0.2554 
R1 = 0.0561, 
wR2 = 0.1495 
[a] R1 = Σ||Fobs| – |Fcalc||/Σ|Fobs. [b] wR2 = [Σ[w(Fobs2 – Fcalc2)2]/Σ[w(Fobs2)2]]1/2. 
The SCO transitions were additionally followed by both VT-SCXRD and VT-PXRD over the 
temperature range 90-200 K. 2·3H2O displays two abrupt shifts in Bragg reflections, 
corresponding to the HS, HS:LS and 1:3 HS:LS phases (Figure 3.16). As discussed previously, 
shifting of the spin transitions in 2·3H2O to a lower temperature compared to the observed 
magnetic transition is consistent with sample preparation as well as discrepancies between 
cryostream and sample temperatures. The final step (1:3 HS:LS→LS) coincides with the lower limit 
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of the accessible temperature range of the cryostream, and as such, a structure solution for the fully 
LS state could not be achieved. 
 
Figure 3.16. a) VT-PXRD peak evolution of 2·3H2O over the range 8.1-9.1°, revealing abrupt shifts in Bragg peaks 
(200→90→200 K). b) Relative change in unit cell parameters derived from Le Bail extractions (volume (maroon), a-axis 
(purple), b-axis (navy) and c-axis (black). Inset displays change in β angle (green)). 
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3.5.2 Characterisation of 2·H2O·MeOH and Guest Dependent Behaviour 
To further investigate the influence of guest size on SCO, 2·H2O·MeOH was synthesised 
under analogous conditions to 2·H2O·EtOH, using a H2O:MeOH mixture (1:1 by volume) 
instead. Le Bail refinements on a microcrystalline powder of 2·H2O·MeOH indicate that it is 
isostructural to the aforementioned materials, with a unit cell of a = 26.851(7), b = 7.395(2), 
c = 29.631(7) Å and β = 110.14(2)° in the monoclinic C2/c space group at 300 K. Magnetic 
susceptibility measurements on 2·H2O·MeOH show an abrupt and hysteretic spin transition, with 
the change in χMT values consistent with a transition from the HS state to HS:LS state (Figure 
3.17). The spin transition occurs at a higher temperature than either 2·H2O·EtOH or 2·3H2O 
(↓T½ = 155 K, ↑T½ = 170 K, scan rate of 4 K min-1).  
 
Figure 3.17. Magnetic susceptibilities of 2·H2O·EtOH (purple), 2·2H2O (blue), 2·H2O·MeOH (black) and 2 (maroon). 
The variation in the onset of the HS→HS:LS transition within this series 
(2·H2O·EtOH < 2·3H2O < 2·H2O·MeOH) is consistent with the reduction in the volume of 
occluded guest molecules. Stabilisation of the HS state may arise from either increased steric 
suppression of the contraction of the material or by perturbation of the ligand field energies 
associated with guest-induced structural deformations. In the latter case, this may arise from a 
subtle change in the orientation of the bentrz ligand associated with the Fe2 site. From comparison 
of the HS and HS:LS structures of 2·H2O·EtOH and 2·3H2O, minimal changes in guest packing 
or occupancy is observed. As such, the variation in the temperatures of the HS→HS:LS transition 
arise from the increased repulsion between the larger guest molecules and the surrounding pore 
environment which perturb the crystal packing upon contraction of the material in response to the 
spin transition.    
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3.6. Scan Rate Dependence 
The behaviour of SCO materials can be highly sensitive to temperature scan rates. Variations in 
the onset of spin transitions and hysteresis widths, as well as the emergence of distinct kinetically 
controlled phase transitions can be observed with differing scan rates.23-25 In cases where no 
additional kinetic phases are observed, the thermal lag between the change in temperature and the 
subsequent sample response is maximised and leads to a widening of the hysteresis width. This 
form of scan rate dependence has been previously observed, although not widely reported, leading 
to difficulties in literature comparisons.11, 23-29     
The significance of measuring magnetic susceptibility in both the continuous and isothermal mode, 
in cases where the scan rate does not lead to a new phase, has been highlighted by Brooker et. al. by 
the analysis of the discrete complex [Fe2(PMPhtBuT)2](BF4)·3.5H2O (where PMPhtBuT = 3,5-
bis{[(2-pyridylmethyl)amino]methyl}-4-p-tertbutylphenyl-1,2,4-triazole).23 At a scan rate of 
10 K min-1, [Fe2(PMPhtBuT)2](BF4)·3.5H2O displays a thermal hysteresis width of 41 K for the 
HS→HS:LS transition (the largest recorded hysteresis width in dinuclear complexes). In 
comparison, measurements at a scan rate of 0.2 K min-1 indicated a significantly lower hysteresis 
width of 22 K. As such, without detailed or consistent measurement conditions, comparison 
between materials can be inaccurate or misleading. 
In light of this, both a scan rate dependence study and isothermal ‘settle’ approach (where the 
magnetic moment equilibrates at each temperature interval) were conducted on 2·H2O·EtOH and 
2·3H2O. Extrapolation of the observed hysteresis widths to a 0 K min-1 scan rate yields the ‘real’ 
hysteresis width and has been directly compared to the results obtained by the isothermal mode. 
The spin transition temperatures and hysteresis width of the HS→HS:LS transition in 
2·H2O·EtOH display a subtle scan rate dependence, predominately in the cooling curve (Figure 
3.18 and Table 3.7). The ↓T½ of the transition decreases at faster scan rates, consistent with a lag in 
sample response at faster temperature sweeps, whilst the ↑T½ remains largely invariant. 
Extrapolation of the hysteresis widths to a scan rate of 0 K min-1 yields a hysteresis width of 
20.1 K, approaching the width observed in the isothermal approach (18.0 K). 
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Figure 3.18. Magnetic susceptibility data of 2·H2O·EtOH collected at 0.5 K min-1 (purple), 1 K min-1 (maroon), 2 K min-1 
(blue) and 4 K min-1 (black). No other magnetic transitions are observable outside the range shown. 
Table 3.7. Summary of scan rate dependence for 2·H2O·EtOH. 
Scan rate (K min-1) ↓T½ (K) ↑T½ (K) Hysteresis width (K) 
0.5 132.7 153.7 21.0 
1 132.3 153.0 20.7 
2 131.2 153.3 22.1 
4 130.2 154.5 24.3 
Isothermal 136.1 154.1 18.0 
 
In contrast to 2·H2O·EtOH, the hysteresis loops in 2·3H2O display a significant scan rate 
dependence (Figure 3.19 and Table 3.8). Hysteresis widths in the isothermal mode for the 
HS→HS:LS transition, HS:LS→1:3 HS:LS transition and 1:3 HSLS→LS transitions were 
consistently narrower than for the sweep mode. As with 2·H2O·EtOH, the ↓T½ of the 
HS→HS:LS transition decreased with faster scan rates while the ↑T½ remained invariant. In 
contrast, the ↓T½ of the HS→HS:LS transition of 2·3H2O displayed greater sensitivity towards the 
scan rate (difference of 5 K between 0.5-4 K min-1 scan rates) compared to 2·H2O·EtOH 
(difference of 2 K between 0.5-4 K min-1 scan rates). The HS:LS→1:3 HS:LS→LS spin transitions 
in 2·3H2O were extremely sensitive to scan rates, with large deviations in the transition 
temperature and broadness upon cooling (↓T½), while the transitions upon heating (↑T½) remained 
invariant. At faster scan rates (2-4 K min-1), the plateau region of the 1:3 HSLS state narrowed and 
was almost completely obscured. 
70 
 
 
Figure 3.19. Variable temperature magnetic susceptibility of 2·3H2O at 0.5 K min-1 (purple), 1 K min-1 (maroon), 2 K min-
1 (blue) and 4 K min-1(black). Inserts show both spin transitions in closer detail. 
The spin transitions upon cooling in both 2·H2O·EtOH and 2·3H2O all displayed a stronger 
correlation with the temperature scan rate than the heating curve, which typically remained 
invariant. The decreased transition temperature for the cooling curve at higher scan rates is 
consistent with the lag between temperature change and the subsequent sample response, as 
observed in other materials.23, 24 The contrasting behaviour of the warming and cooling curves in 
2·H2O·EtOH and 2·3H2O may arise from potential kinetic barriers associated with guest 
reordering upon contraction of the framework lattice, leading to a broadening of the ↓T½ upon 
cooling. In contrast, the invariance of ↑T½ may imply that guest reordering may not be essential to 
the expansion of the material. 
Table 3.8. Summary of scan rate dependence for 2·3H2O. 
Transition HS→HS:LS HS:LS→1:3 HS:LS 1:3 HSLS→LS 
Scan rate 
(K min-1) 
↓T½ 
(K) 
↑T½ 
(K) 
width 
(K) 
↓T½ 
(K) 
↑T½ 
(K) 
width 
(K) 
↓T½ 
(K) 
↑T½ 
(K) 
width 
(K) 
0.5 150.1 162.3 12.2 118.6 128.0 9.4 111.0 121.4 10.4 
1 149.1 162.6 13.5 116.3 127.4 11.1 108.4 120.4 12.0 
2 147.7 163.3 15.6 113.7 127.1 13.4 105.8 120.5 14.7 
4 145.8 164.7 18.9 110.9 127.1 16.2 103.3 120.5 17.2 
Isothermal 154.3 162.4 8.1 126.5 132.7 6.2 116.6 126.8 10.2 
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3.7. Summary 
In summary, the contrasting SCO behaviour of two distinct Fe(II) sites within two 
isostructural Hofmann clathrates, 2·H2O·EtOH and 2·3H2O, have been rationalised based on 
both the geometrical parameters of the Fe(II) centres, as well as subtle host-guest interactions. The 
incorporation of a monodentate 1,2,4-triazole-based ligand into a Hofmann clatherate has enabled 
the systematic study of the effect of both the angle of ligand coordination (Fe-N-N(triazole)) and 
the presence of a hydrogen bond network on the SCO behaviour of the material.  
Structural studies on a single crystal of 2·H2O·EtOH revealed the presence of two distinct 
Fe(II) centres. The Fe2 centre (defined by a linear Fe-N≡C angle, an ideal ca. 120° Fe-N-N(trz) 
angle and the presence of a hydrogen bond between lattice solvent and the coordinated ligand) 
readily underwent SCO. In contrast, the Fe1 centre (defined by a more distorted Fe-N≡C angle, a 
more obtuse Fe-N-N(triazole) angle and the absence of any hydrogen bond network with lattice 
solvent) remained HS throughout the measured temperature range.  
The dependence of the SCO behaviour of these materials on the presence of the N10··Ow1 
hydrogen bond was demonstrated in 2 and 2·1.3MeCN by the removal of the hydrogen bond 
network. This was achieved through either the desolvation of the material or guest exchange with 
non-hydrogen bonding molecules, and led to a stabilisation of the HS state over that of the LS 
state. As a consequence of the minimal structural changes associated with the removal of the 
hydrogen bond network, the outer-sphere and through-bond attenuation of the ligand field 
strength around the Fe2-N6 octahedron by the water molecule is important for SCO to occur. 
The variation of the onset of the HS→HS:LS transition 
(2·H2O·EtOH < 2·3H2O < 2·H2O·MeOH) is consistent with the reduction in the volume of 
occluded guest molecules. Due to minor changes in the structure of the materials, the variation of 
SCO transition temperatures in this series may be related to the host-guest interactions, where the 
stabilisation of the HS state occurs with guests that display larger kinetic volumes due to an 
increased barrier towards pore contraction upon SCO. 
2·3H2O undergoes a complete three-step hysteretic spin transition, proceeding via a 
HS→HS:LS→1:3 HS:LS→LS transition. The occurrence of this complete transition, evident only 
in 2·3H2O, is unique and cannot solely be assigned to the reduced steric size of guest molecules (as 
2·H2O·MeOH occlude smaller guests). As such, the transition from the HS:LS→ HS:LS→LS 
state may arise from a combination of i) outer-sphere solvent effects, although the long 
through-bond distance and lack of hydrogen bonding interactions between lattice solvent and the 
bentrz ligand coordinated to Fe2 may negate this, ii) reduced guest volume leading to a decrease in 
72 
 
the steric suppression towards the contraction of the material, or iii) subtle guest-host or 
guest-guest rearrangements, leading to a lower kinetic barrier to SCO.  
 A preliminary investigation into the scan rate dependence of the spin transitions in 
2·H2O·EtOH and 2·3H2O has been conducted. Both materials displayed a widening of the 
hysteresis width with increasing scan rates, consistent with the lag between temperature change and 
sample response. Interestingly, the spin transitions upon heating and cooling were not 
homogenously affected. All spin transitions in 2·H2O·EtOH and 2·3H2O displayed a dependency 
on scan rate for the transitions associated with the cooling curve and invariance for the transitions 
associated with the heating curve. This discrepancy is consistent with an increase in the resistance 
towards the HS→LS transition, potentially arising from guest reordering in response to the 
contraction of the framework, with the invariance of the LS→HS transition related to the absence 
of this barrier. 
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Chapter 4: Electronic and Magnetic 
Properties of a Family of 
[Ru2(O2CR)4][Au(CN)2] (R = phenyl, 2-furan 
or 2-thiophene) Coordination Frameworks 
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4.1. Overview 
Dinuclear paddlewheel complexes of type M2(carboxylate)4 comprising transition metals 
(primarily M = Cu, Cr, Mo, Ru and Rh) have given rise to a rich and diverse range of materials, in 
part due to the metal-metal interactions that are present within their structures.1,2 Of significant 
interest are investigations into the electronic communication between these sites, i.e., the 
delocalisation of electrons within the paddlewheel unit, which can lead to mixed-valence states with 
interesting magnetic and charge-transfer properties.3-5 
Coordination frameworks that incorporate the mixed-valence ruthenium paddlewheel motif, 
[Ru2II,III(O2CR)4]+ (R = CH3 or other allyl groups), can be synthesised by introducing multiply-
coordinating ligands that bridge the ruthenium dimers through their axial sites. These materials, 
often comprising of paddlewheel complexes bridged by halide ligands, form undulating chains in 
which the magnetic and conductive properties are influenced by the angle between the ruthenium 
dimers.3, 4 Systems in which the Ru-X-Ru angle approaches 180° invariably display greater magnetic 
coupling and electrical conductivity by virtue of improved orbital overlap.6 
Through the judicious choice of short linear ligands with appropriate orbital overlap for 
super-exchange pathways, materials with high magnetic ordering temperatures and semiconducting 
properties can be achieved.7, 8 To this effect, the incorporation of the [Ru2(O2CR)4]+ unit into 
extended materials has been explored previously using organic ligands such as TCNQ 
(7,7,8,8-tetracyano-p-quinodimethane), quinone and dicyanamide.7-9 These materials commonly 
exhibit weak inter-dimer antiferromagnetic interactions between the S = 3/2 Ru2II/III paddlewheel 
centres. Long-range magnetic ordering has been achieved through the introduction of metal nodes 
with unpaired spins, i.e., [M(CN)6]3- (M = CrIII or FeIII).10-13 The anomalous magnetic behaviours 
exhibited by these materials are closely correlated to magnetostructural effects, in which 
metamagnetic ordering of the material arises from weak coupling of the interpenetrated 
sublattices.14  
Recently, the axial bridging of rhodium paddlewheel complexes by the [Au(CN)2]- anion has 
led to the development of a series of one-dimensional coordination polymers.15 The 
semiconducting behaviour displayed by these materials indicate that despite the long inter-dimer 
distances, the [Au(CN)2]- linker provides suitable orbital overlap to promote through chain 
electrical conductivity. Extension of this concept to the ruthenium paddlewheel complexes, which 
are both magnetically active and possess a higher M-M bond order than rhodium, may lead to 
greater through chain communication. 
Here we describe the synthesis and structural characterisation of three heterobimetallic 
coordination polymers, [Ru2(O2CR)4][Au(CN)2] (R = phenyl (3(Ph)), 2-furan (3(Furan)) and 
2-thiophene (3(Thio)). The inclusion of [Au(CN)2]- as a rigid linear bridge has led to polymeric 
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materials in which the angle between the ruthenium dimers approaches 180°, potentially enabling 
inter-dimer magnetic interactions. 
4.2. Synthesis 
Single crystals of 3(Ph) suitable for SCXRD were obtained by the slow diffusion of 
[Ru2(O2CPh)4(THF)2]BF4 (9.0 mg, 0.01 mmol), synthesised according to literature procedures,16 
and K[Au(CN)2] (2.8 mg, 0.01 mmol) in a mixture of H2O:MeOH (1:1, 20 mL) yield 7.9 mg 
(85 %).  
[Ru2(O2CR)4(THF)2]BF4 (R = 2-thiophene or 2-furan) were synthesised according to literature 
procedures.17 The slow diffusion of [Ru2(O2CR)4(THF)2]BF4 (R = 2-thiophene or 2-furan)(9.0 mg, 
0.01 mmol) and K[Au(CN)2] (2.8 mg, 0.01 mmol) in a mixture of H2O:MeOH (1:1, 20 mL) yielded 
crystals of 3(Thio) and a microcrystalline powder of 3(Furan), in yields of 7.1 mg (80%) and 7.2 
mg (75%), respectively. 
4.3. Structural Characterisation 
4.3.1. Structure of [Ru2(O2CPh)4][Au(CN)2] (3(Ph)) 
The structure of 3(Ph) consists of [Ru2(O2CPh)4]+ centres bridged axially by [Au(CN)2]- linkers 
to create undulating 1D chains (Figure 4.1) that project both along the b and c-axes of the 
monoclinic cell. The crystal packing is such that neighbouring chains lie parallel and orthogonal on 
either side of any one chain, with those lying parallel being symmetry-equivalent and those lying 
orthogonal being inequivalent (Figure 4.2). The chains that project along the c-axis are offset such 
that the phenyl group of each chain π-stacks with the Au atom of the adjacent parallel chain 
(distance to phenyl centroids = 3.504-3.582 Å). The second set of parallel chains, which lie 
orthogonal and are inequivalent to the first, are oriented along the b-axis such that the phenyl 
groups in orthogonal chains π–stack as an eclipsed ‘sandwich’ (distance between phenyl centroids 
3.917 Å). A weak aurophilic interaction18-20 between orthogonal chains (Au…Au = 4.160(2) Å) 
facilitates the close packing of the material, resulting in no solvent accessible void volume. Chains 
that lie along the b-axis have a Ru–Au–Ru angle of 172.0(4)° and are eclipsed (due to translational 
symmetry along b), whilst the inequivalent chains that lie along the c-axis have a Ru–Au–Ru angle 
of 165.7(2)° and are slightly rotated from the eclipsed configuration (torsional angle = 5.6°).  
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Figure 4.1. One of the two inequivalent undulating 1D chains (b-axis) within the structure of 3(Ph). 
 
Figure 4.2. Crystal packing of 3(Ph). The paddlewheel phenyl groups have been removed for clarity. 
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 Crystallographic summary for 3(Ph) and 3(Thio). 
Compound 3(Ph) 3(Thio) 
Formula weight 935.59 1015.70 
Temperature / K 150(2) 150(2) 
Crystal system Monoclinic Tetragonal 
Space group C2/c P4/ncc 
a / Å 40.0617(6) 10.5320(2) 
b / Å 12.84360(10) 10.5320(2) 
c / Å 25.2757(3) 25.9250(4) 
α / ° 90 90 
β / ° 108.586(10) 90 
γ / ° 90 90 
Volume / Å3 12327.0(3) 2875.68(9) 
Z 24 4 
ρcalc / mg mm-3 2.016 2.346 
m / mm–1 5.768 6.476 
Crystal size / mm3 0.236 × 0.141 × 0.075 0.12 × 0.05 × 0.05 
2θ range for data collection 5.8 to 65.46° 6.28 to 62.2° 
Reflections collected 236417 81834 
Independent reflections 21948 [Rint = 0.0390] 2290 [Rint = 0.0563, Rsigma = 0.0160] 
Data / restraints / parameters 21948 / 0 / 775 2290 / 0 / 70 
Goodness–of–fit on F2 1.069 1.068 
Final R indexes [I≥2σ(I)] [a], [b] R1 = 0.0258, wR2 = 0.0471 R1 = 0.0514, wR2 = 0.1147 
Final R indexes [all data][a][b] R1 = 0.0374, wR2 = 0.0508 R1 = 0.0755, wR2 = 0.1291 
[a] R1 = Σ||Fo|–|Fc||/Σ|Fo|. [b] wR2 = [Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]]1/2. 
4.3.2. Structures of [Ru2(O2CR)4][Au(CN)2] (R = 2-thiophene (3(Thio), 3(Furan)) 
The structure of 3(Thio), like that of 3(Ph), contains 1D chains, with the [Au(CN)2]- linkers in 
this case bridging [Ru2(O2C(C4H3S)4]+ paddlewheels. In contrast to 3(Ph), all chains now align 
parallel, with neighbouring, symmetry-related chains being offset such that the thiophene group of 
each chain π-stacks with the Au atom of the adjacent chain (distance to thiophene 
centroid = 3.682 Å) (Figure 4.3). The chains in 3(Thio) lie along a 4-fold symmetry axis along the 
tetragonal c-axis and are linear by symmetry (Ru-Au-Ru angle = 180°). The configuration of 
paddlewheels along the chains is now staggered (torsion angle = 40.0°). No aurophilic interactions 
are evident; however, a sulphur-sulphur interaction (distance of 3.503(6) Å) exists between the 
ligands of adjacent chains.  
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Figure 4.3. a) Chains of 3(Thio) showing the π-stacking interaction between the thiophene group and Au atom or 
neighbouring chains. b) Packing of the chains viewed along the c-axis. S-S interactions depicted as fragmented black 
bonds. Atoms are shown as wire frames with the disorder of the thiophene group, hydrogen atoms and solvent molecule 
removed for clarity. 
 
 
 
 
 
a) 
b) 
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The structure 3(Furan), for which only a polycrystalline sample was achieved, is inferred to be 
isostructural with that of 3(Thio) through its PXRD pattern, which is fully indexed in the P4/ncc 
space group and for which Le Bail refinement gives unit cell dimensions of a = 10.3658(8) and 
c = 25.876(2) Å at 298(2) K (Figure 4.4). 
 
Figure 4.4. Le bail extraction of 3(Furan). Calculated fit in red, observed pattern in black, residual in green and calculated 
reflections as black tick marks. 
4.4. Vibrational Spectroscopy 
The bond lengths of 3(Ph) and 3(Thio), combined with FT-IR and Raman spectroscopy 
(Figure 4.5), enabled the straightforward identification of the oxidation state and charge 
distribution on the ruthenium paddlewheel complex. The crystallographically obtained Ru–Ru 
metal distance of between 2.2861(2) and 2.2852(3) Å in 3(Ph) and 3(Thio), is comparable to that 
found in other carboxylate bridged ruthenium paddlewheels with an average charge of +2.5 per 
ruthenium atom.2-4, 21 The νRu–Ru stretching mode (in the range 329-332 cm-1 for 3(Ph), 3(Furan) 
and 3(Thio)) displays little sensitivity towards the identity of the bridging carboxylate ligand. 
The separation (∆ν) between the symmetric (𝜈𝑠𝑦𝑚𝐶𝑂2  ) and asymmetric (𝜈𝑎𝑠𝑦𝑚𝐶𝑂2) carboxylate 
stretching modes is also diagnostic of the oxidation state of diruthenium tetracarboxylate 
compounds. Increased electrostatic attraction between carboxylate ligands and ruthenium centres 
within the mixed-valence Ru2II/III paddlewheel result in a separation of approximately 60 cm–1, 
while for complexes containing the Ru2II/II paddlewheel, separations > 138 cm–1 are typically 
found.4 The stretching frequencies for 3(Ph), 3(Thio) and 3(Furan) (Table 4.2) give ∆ν values of 
54, 41 and 31 cm-1 respectively, consistent with the Ru2II/III dimer charge assignment.22 The 
decrease in ∆ν from the phenyl to the furan and thiophene analogues correlates well with the 
increase in electron donating ability of the thiophene and furan based carboxylate ligands, by virtue 
of the increased electrostatic attraction between carboxylate ligands and ruthenium centres (pKa of 
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4.2, 3.5 and 3.1 for benzoic acid, thiophene-2-carboxylic acid and furan-2-carboxylic acid 
respectively).  
The shift to a higher frequency of the νCN stretch in the FT-IR spectrum of 3(Ph), 3(Furan) 
and 3(Thio) (2185-2192 cm-1), compared to the K[Au(CN)2] precursor complex (2146 cm-1), is 
consistent with the bridging mode of the cyanido ligand.23 Table 4.2 summarises the observed 
vibrational modes in 3(Ph), 3(Furan) and 3(Thio). 
 
Figure 4.5. a) FT–IR (red) and Raman (black) spectra of 3(Ph). b) Raman spectra of 3(Ph) (black), 3(Thio) (red) and 
3(Furan) (blue)  
 Assignment of the vibrational modes of 3(Ph), 3(Furan) and 3(Thio). 
Vibrational mode 3(Ph) 3(Thio) 3(Furan) 
νRu–Ru (cm-1) 329a 332a 330a 
νRu–O (cm-1) 361a, 463b - - 
νsymCO2 (cm-1) 1411b 1395b 1438b 
νasymCO2 (cm-1) 1465b 1426b 1479b 
∆ν (cm-1) 54 31 41 
νCN (cm-1) 2165b, 2182a 2172b, 2191a 2174b, 2195a 
a Raman active b IR active. 
a) 
b) 
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4.5. Luminescence 
The luminescence emission spectrum of 3(Ph) displays a single peak with a maximum at 
426 nm (λexcitation = 400 nm), attributed to the d10-d10 closed-shell aurophilic interaction between the 
interdigitated chains (Figure 4.6).24 The emission maximum at 426 nm is significantly blue-shifted 
compared to the structurally related coordination polymer, K[Rh2(O2CEt)4][Au(CN)2], which has a 
reported emission maximum of 475 nm.15 This blue-shift is ascribed to the increased Au···Au 
distance in 3(Ph) (Au···Au interlayer distance of 4.16 Å) as compared to that of 
K[Rh2(O2CEt)4][Au(CN)2] (Au···Au interlayer distance of 3.64 Å). Interestingly, luminescence is 
still observed in 3(Ph), despite the Au···Au distance being greater than the sum of the van der 
Waals radii of two AuI ions (3.6 Å).24 No luminescence was detected in 3(Thio) and 3(Furan), 
consistent with the absence of any aurophilic interactions in these structures. 
 
Figure 4.6. Solid state luminescence spectrum of 3(Ph). 
4.6. Thermal Stability 
The thermal stability of 3(Ph), 3(Thio) and 3(Furan) was assessed by thermogravimetric 
analysis, as well as VT-PXRD (Figure 4.7a and Figure 4.7b). The absence of pore solvent in 3(Ph), 
3(Thio) and 3(Furan) is confirmed by thermogravimetric analysis, where, no appreciable mass 
loss is evident, consistent with the absence of solvent accessible void volumes in these materials. 
3(Ph), 3(Furan) and 3(Thio) undergo an abrupt mass loss between 225 and 240 °C, 
corresponding to decomposition of the material. A transition to an amorphous phase in this 
approximate temperature range is also evident in the VT-PXRD patterns. As a consequence of the 
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additional inter-chain π-π stacking and weak aurophilic interactions in 3(Ph), the decomposition of 
3(Ph) occurs at a higher temperature than that for 3(Thio) and 3(Furan).  
 
Figure 4.7. a) VT-PXRD patterns of 3(Ph). b) TGA of 3(Ph) 
4.7. UV–Vis-NIR Spectroscopy 
The UV–Visible-NIR spectrum of 3(Ph) displays a δ(Ru2)→δ*(Ru2) transition centred at 
9060 cm-1, as well as intense absorption bands centred at 21670 and 31250 cm-1, corresponding to 
π(Ru-O, Ru2)→π*(Ru2) and π(axial ligand)→π*(Ru2), respectively. The red-shifted adsorption 
bands of 3(Ph), compared to [Ru2(O2CPh)4(THF)2]BF4 (Figure 4.8), are indicative of an increased 
electron density on the Ru centres due to the coordination of the cyanido ligands. Similarly, the 
red-shift of the δ(Ru2)→δ*(Ru2) transition in 3(Thio) and 3(Furan) is reflective of the greater 
electron density on the Ru2II/III centres by virtue of the increased electron donating properties of 
b) 
a) 
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the functionalised carboxylic acid ligands (pKa of 4.2, 3.5 and 3.1 for benzoic acid, thiophene-2-
carboxylic acid and furan-2-carboxylic acid respectively). 
 
Figure 4.8. Normalised UV–Vis-NIR spectra of [Ru2(O2CPh)4(THF)2]BF4 (black line) and 3(Ph) (red line). 
 Summary of the UV-Vis-NIR transitions observed for 3(Ph), 3(Furan) and 3(Thio). 
Observed transition 3(Ph)  3(Thio) 3(Furan)  
δ(Ru2)→ δ*(Ru2) (cm-1) 9060 8933 8689 
π(Ru-O,Ru2)→π*(Ru2) (cm-1) 21670 21872 21749 
π(axial ligand)→π*(Ru2) (cm-1) 31250 - - 
4.8. Electrochemistry 
A solid state cyclic voltammogram of 3(Ph) was recorded at room temperature in an 
acetonitrile solution (0.1 M TBAPF6/MeCN supporting electrolyte) by affixing a small amount of 
the material on a glassy carbon electrode (Figure 4.9). All subsequent redox potentials have been 
referenced against the ferrocenium/ferrocene (Fc+/Fc) redox couple. 3(Ph) showed a reversible 
one electron oxidation at E1/2 = –0.12 V corresponding to the oxidation of the Ru2II/III 
paddlewheel motif to the Ru2III/III paddlewheel. The corresponding peak–peak separation and 
equal cathodic–anodic peak currents were consistent with a fully Nernstian one electron process 
(∆(Epox – Epred) ~ –42 mV), Iox/Ired = 0.91 at 100 mV s–1 scan rate). The material also displayed an 
irreversible reduction at –1.93 V, corresponding to the reduction of the Ru2II/III paddlewheel motif 
to Ru2II/II. 
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Figure 4.9. Solid state cyclic voltamogram of 3(Ph) recorded in MeCN solution (0.1 M TBAPF6 supporting electrolyte, vs 
Fc/Fc+). * indicates the oxidation and reduction peaks. 
Due to the non–porous nature of the material, all redox activity is expected to occur at the 
interface between the material and electrolyte. Nonetheless, both the oxidation and reduction 
potentials correspond well with values previously published for the discrete 
[Ru2(O2CPh)4(THF)2]PF6 complex (Epox +0.13 V, Epred –1.93 V (vs Fc/Fc+)).3, 4 The slight cathodic 
shift of both the oxidation and reduction peaks compared to [Ru2(O2CPh)4(THF)2]PF6 are 
consistent with the increased electron donating capacity of the cyanido ligand in the present 
material compared with THF. The increase in electron density on the ruthenium paddlewheel 
results in a more accessible oxidation couple, and a less accessible reduction couple. 
3(Thio) and 3(Furan) display similar electrochemical properties to 3(Ph), with an irreversible 
reduction corresponding to the Ru2II/III → Ru2II/II couple and a reversible oxidation corresponding 
to the Ru2II/III → Ru2III/III couple, consistent with a fully Nernstian one electron process. The 
cathodic shift of the latter process corresponds well with the increased electron density on the 
ruthenium paddlewheel which results from the increased electron donating properties of the 
thiophene-2-carboxylate and furan-2-carboxylate ligands. 
 Summary of the electrochemical processes identified for 3(Ph), 3(Furan) and 3(Thio). 
Observed electrochemical 
process 
3(Ph) 3(Thio) 3(Furan) 
RuII/III→RuII/II (V) -1.93 -1.92 -1.94 
RuII/III→RuIII/III (V) 
∆(Epox – Epred) (mV) 
Iox/Ired 
-0.12 
-42 
0.91 
-0.059 
-41 
0.92 
-0.081 
-106 
0.93 
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4.9. Magnetism 
The magnetic susceptibility of 3(Ph) was measured over the range 2–300 K. The χMT value of 
2.022 cm3 K mol−1 at 300 K is typical for a Ru2II/III paddlewheel dimer where metal-metal bonding 
leads to a S = 3/2 state,4 and decreases markedly below 200 K to a value of 0.784 cm3 K mol-1 at 
2.02 K (Figure 4.10). Fitting of the high temperature data to the Curie-Weiss law gives a Curie 
constant, C, of 2.07 cm3 K mol-1 and a Weiss constant, Ѳ, of –7.1 K, similar to those found in 
other polymeric Ru2II/III paddlewheels.3, 4 The sharp downturn in the χMT(T) plot at low 
temperatures for related compounds has been ascribed to the presence of a large zero-field 
splitting (ZFS) parameter and, in some cases, a small but non-negligible antiferromagnetic coupling 
between paddlewheel dimers.  
Several models are available for treating the magnetic susceptibility of Ru2II/III paddlewheels, 
which may or may not include an inter-dimer coupling constant.25 From the structure of 3(Ph), a 
weak coupling is expected between paddlewheel units given the long inter-dimer distance along the 
chains (Ru··Ru = 10.495 Å) and the weak van der Waals interactions and π-stacking, which 
preclude this as a coupling pathway within the temperature range investigated. Due to concerns 
about over-parameterisation of the data, O’Connor’s model for a Ru2II/III dimer with ZFS and no 
inter-dimer coupling (Equations 4.1-3)26, 27 were chosen, where g|| and g, are the parallel and 
perpendicular g-values, and D/k, the ZFS splitting parameter. 
Equation 4.1. 𝝌׀׀ =  
𝑵𝒈
׀׀
𝟐𝝁𝑩
𝟐
𝒌
𝟏+𝟗𝐞𝐱𝐩 (−𝟐𝑫 𝒌𝑻⁄ )
𝟒[𝟏+𝐞𝐱𝐩 (−𝟐𝑫 𝒌𝑻⁄ )
  
Equation 4.2. 𝝌┴ =  
𝑵𝒈┴
𝟐 𝝁𝑩
𝟐
𝒌
𝟒+(𝟑𝒌𝑻 𝑫⁄ )[𝟏−𝐞𝐱𝐩(
−𝟐𝑫
𝒌𝑻⁄ )]
𝟒[𝟏+𝐞𝐱𝐩 (−𝟐𝑫 𝒌𝑻⁄ )
 
Equation 4.3. 𝝌𝒂𝒗 =
(𝝌׀׀+𝟐𝝌┴)
𝟑
  
 
In modelling the data over the range 2-300 K, values of g|| = 2.890(2), g = 1.610(2) and 
D/k = 32.5(2) K were obtained. These values agree favourably with the average g-value obtained 
from χMT300 K and other Ru2II/III systems.4, 26, 27 The g-values also fit well with the predicted ratio of 
g|| to g for Oh Ru(III) centres.28 It must be noted that obtaining anisotropic g-values and D/k from 
averaged powder data can be unreliable.28  
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Figure 4.10. a) Plots of χM and χM–1 for 3(Ph). Curie–Weiss fit for χM–1 shown in red. b) χMT(T) plot for 3(Ph) with the fit 
for ZFS shown in red. 
Modelling the magnetic susceptibility data of 3(Thio) and 3(Furan) with O’Connor’s model 
over the range 2-300 K yielded similar values to those for 3(Ph), with g|| = 2.540(2), 
g = 2.0322(15) and D/k = 74.7(3) K for 3(Thio) and g|| = 2.622(2)(2), g = 1.9091(12) and 
D/k = 88.7(3) K for 3(Furan) (Figure 4.11). 
b) 
a) 
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Figure 4.11. a) χMT(T) plot for 3(Thio) with the for ZFS shown in red. B) χMT(T) plot for 3(Furan) with the fit for ZFS 
shown in red. 
In all cases, the model is satisfactory as a high temperature approximation for these materials 
but fails to accurately account for the sharp downturn in χMT at low temperatures (< 4 K). This 
sharp downturn, along with the poor fit of the model at low temperatures, suggests the presence of 
weak inter-dimer antiferromagnetic coupling. To elucidate any potential inter-dimer coupling, other 
models for the magnetic susceptibility of Ru2II/III paddlewheels, which incorporate an inter-dimer 
coupling constant (J), were used.29 These models, while providing satisfactory fits for related 
compounds, revealed J values that were highly correlated to the anisotropic g-values. In light of 
this, the incorporation of an inter-dimer coupling term was not applied.  
 
a
b) 
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The long inter-dimer distances in 3(Ph), 3(Thio) and 3(Furan), as well as the undulated 
chains of 3(Ph), may act to significantly reduce the strength of inter-dimer coupling. However, 
weak inter-dimer coupling may be fostered in 3(Ph) by the eclipsed nature of the [Ru2(O2CPh)4]+ 
subunits along the 1D chains. A complementary orbital overlap at each end of the [Au(CN)2]- 
bridge in 3(Ph), arising from the eclipsed conformation, may be observed if significant overlap 
exists between the Ru2II/III dimer and the π orbitals of the cyanido ligand. This effect will not be 
observed in the staggered conformation of 3(Thio) and 3(Furan), and may act to reduce the 
orbital overlap, counter balancing the presence of the linear [Au(CN)2]- bridge. 
The D-values for the 3(Thio) and 3(Furan) are markedly higher than for 3(Ph), with the 
difference possibly caused by the varying electron-withdrawing effects of the three carboxylates 
(3.53, 3.16 and 4.20, respectively).[14] The S = 3/2 ground state in the Ru(II/III) dimer arises from 
the interaction of carboxylate orbitals with the δ* d-orbital of the Ru centres, causing the π* and δ* 
molecular orbitals to be pseudo-degenerate with three unpaired spins.[3b,15] Changing the electron 
density in the carboxylate groups could potentially have the effect of slightly altering the psuedo-
degeneracy, leading to the enhanced zero-field splitting in 3(Thio) and 3(Furan) as a result of the 
lower pKa of the thiophene-2-carboxyic acid and furan-2-carboxylic acid. This effect is also 
observed in the UV-Vis, FT-IR and redox potentials.  
4.10. Summary 
The combination of [Ru2(O2CR)4]+ (R = phenyl, 2-thiophene or 2-furan) and the linear 
[Au(CN)2]- anion has led to the formation of three new coordination frameworks, 3(Ph), 3(Furan) 
and 3(Thio), where variation of the functionalised carboxylate group systematically modulates the 
electronic properties of the frameworks. The electron density on the Ru2II/III paddlewheel has been 
shown to be sensitive to the electron donating properties of the carboxylate group, with systematic 
shifts in diagnostic peaks in the UV-Vis-NIR and FT-IR spectra. Magnetic analyses of 3(Ph), 
3(Furan) and 3(Thio) reveal that they can be considered magnetically dilute, with the broad 
downturn in moment at intermediate temperatures resulting from a large ZFS parameter, 
consistent with other Ru2II/III systems, and the sharper downturn in χMT values at very low 
temperatures being indicative of the presence of weak inter-dimer antiferromagnetic coupling. 
Future work on establishing the electrical conductivity of 3(Ph), 3(Furan) and 3(Thio) will be 
pursued. Current efforts in measuring the conductivity by the four contacts method on a pressed 
pellet of 3(Ph), 3(Furan) and 3(Thio) has identified a large grain boundary barrier, leading to no 
observable conductivity. Measurements performed on a single crystal utilising either the two or 
four contact methods (depending on the size of the crystals) may alleviate the grain boundary 
barriers, however crystals of suitable size could not be obtained.  
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Chapter 5: Compositional Dependent 
Thermal Expansion in Metal Carbodiimide 
Frameworks 
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5.1. Overview 
The investigation and development of materials that display either negative or zero thermal 
expansion are of importance due to both their rarity and industrial relevance.1,2 Composite 
materials which display these properties are used to reduce stresses related to thermal shock or as 
mounting devices for high precision equipment that experience temperature variance.3 
Investigations of these properties in coordination frameworks have primarily focused on 
metal-oxide/cyanide materials, where the transverse vibrational modes of the oxide and cyanido 
bridges act to decrease the distance between metal centres, leading to the contraction of the 
material upon heating.4-6 The incorporation of diatomic cyanido bridges, as opposed to oxide 
bridges, enable additional in-phase (δ1) and out-of-phase (δ2) vibrations which can lead to greater 
NTE.7-9  
The thermal expansion of coordination frameworks is influenced by occluded guest or solvent 
molecules, often resulting in the suppression of the amplitude of vibrational motions that lead to 
NTE due to steric suppression. While variation of the identity and occupancy of occluded guest 
molecules may lead to tuning of the thermal expansion properties, it limits the application of the 
material due to the sensitivity towards sample environment. As such, non-porous materials, which 
are stable across a large temperature range, are ideally suited for device incorporation in an 
industrial environment. 
This chapter describes the first investigation into the thermal expansion behaviour of a series 
of non-porous metal carbodiimide frameworks. The materials, with the general formula M(NCN) 
(M = Mn, Fe, Co, Ni, Zn, Cu, Cd), can be classified under four distinct structural classes. The Fe, 
Co, Ni analogues have been solved in the P63/mmc space group, the Mn and Cd analogues in the 
Rm space group, and the Cu analogue in the Cmcm space group. These structural classes are 
closely related to each other and consist of hexagonal [M(II)(N2)] brucite layers bridged along one 
axis by a carbodiimide ligand, with differences primarily arising from the relative alignment of the 
brucite layers and, in the Cu analogue, to Jahn-Teller distortion effects. The final material, 
Zn(NCN), has been solved in the tetragonal space group I2d and consists of tetrahedral Zn(II) 
metals bridged by a carbodiimide ligand. 
The capacity of the NCN bridge to display transverse vibrations has been observed previously 
in β-Si(NCN)2, where a detailed VT-SCXRD study identified the presence of roto-vibrational 
movements of the linear Si-NCN-Si bridge.10 The transverse vibrations within this material led to a 
CTE value ranging between -1.24 and -1.93 × 10-6 K-1, significantly closer to ZTE than the 
structurally similar Zn(CN)2 and Cd(CN)2 materials which display CTE values 
of -16.9 and -20.4 × 10-6 K-1, respectively.    
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In this chapter, the thermal expansion behaviour of the Mn, Fe, Co, Ni, Cu and Cd analogues 
has been shown to be sensitive to both the metal identity and differences in the relative alignment 
of the [M(II)(N2)] brucite layers in each structure class, leading to behaviours ranging from PTE to 
near ZTE. Furthermore, Rietveld modelling of VT-PXRD patterns of ZnNCN has provided 
insights into the vibrational motions of the carbodiimide ligand. The capacity of the NCN ligand to 
display transverse vibrational modes analogous to those seen in a multitude of cyanido-based 
frameworks has also been assessed in these materials. 
5.2. Synthesis 
5.2.1 M(NCN)(M = Mn, Fe, Co, Ni) 
Microcrystalline powders of M(NCN) (M = Mn, Fe, Co, Ni) were synthesised from a 
modification of the literature procedures.11 NaNCNH (0.35 g, 5.4 mmol) and anhydrous MCl2 
(~0.35 g, 2.7 mmol) (M = Mn, Fe, Co, Ni) were heated to 400 °C in a molten salt flux of KCl:LiCl 
(1:1 w/w) under an argon atmosphere. Upon cooling, the sample was washed with water and dried 
under vacuum (0.22g, 2.3 mmol, 85% yield). The samples were initially stable to atmospheric 
conditions but began to discolour and decompose over the course of several months.   
5.2.2 Cu(NCN) 
Cu(NCN) was prepared by the literature methods.12 CuCl2·2H2O (1.8 g, 10 mmol), H2NCN 
(0.82 g, 20 mmol) and Na2SO3 (1.3 g, 10 mmol) were dissolved in H2O (10 ml). The pH of the 
solution was adjusted to 9 by the addition of ammonia solution (25% w/v), producing a white 
precipitate of Cu4(NCN)2NH3. The suspension of Cu4(NCN)2NH3 was left exposed to the 
atmosphere overnight in the mother liquor to produce Cu(NCN) as a black precipitate (0.84 g, 
8.2 mmol, 80% yield). 
5.2.3 Cd(NCN) and Zn(NCN) 
M(NCN) (M = Zn, Cd) were synthesised according to literature procedures.13 CdCl2·2.5H2O 
(1.0 g, 4.3 mmol) was dissolved in deionised water (5 ml). Ammonia solution (25% w/v) was then 
added, with the precipitation of Cd(OH)2 occurring until an excess of ammonia was present. The 
pH of the solution was adjusted to 12.2-12.5 by the addition of NaOH (0.02 g, 0.29 mmol). The 
solution was then heated to 75 °C and an aqueous solution of H2NCN (0.3 g, 4.6 mmol, 5 ml) was 
added. The flask was heated for a further 15 mins before cooling to room temperature, forming a 
white precipitate of Cd(NCN), which was collected by vacuum filtration, washed with water and 
dried under vacuum (0.55 g, 3.6 mmol, 84% yield).  
Zn(NCN) was synthesised as above, using instead ZnCl2·2.5H2O (0.39 g, 3.9 mmol, 90% yield) 
as the metal salt. 
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5.3. Structures 
5.3.1 M(NCN)(M = Mn, Cd) 
The structures of Mn(NCN)14 and Cd(NCN)13 have been elucidated previously and solved in 
the rhombohedral Rm space group. The structures consist of [M(II)N2] brucite layers where each 
metal centre is coordinated as a distorted octahedron to six carbodiimide ligands (Figure 5.1a). The 
octahedra are axially compressed with N-M-N angles of approximately 84.1°, and are elongated 
along the equatorial plane with N-M-N angles of approximately 95.9°. Each nitrogen atom of the 
carbodiimide ligand is coordinated to three metal centres of the Brucite type layers, giving 
interlayer M-M distances equivalent to the a-axis of the unit cell. The combination of the 
octahedral coordination of the metal and the trigonal prismatic polyhedron closely resembles the 
topology type of NiAs, whereby the As have been replaced by the C atom of the carbodiimide. The 
[M(II)N2] layers are bridged by the carbodiimide ligand along the c-axis with the space group 
symmetry generating a linear N=C=N chain (Figure 5.1b). Furthermore, the [M(II)N2] layers are 
offset from one another such that the corners of the trigonal prisms, defined by three M(II) centres 
and an apex of the N atom of the carbodiimide are in a staggered conformation (Figure 5.1a). 
 
Figure 5.1. a) The staggered environment of the carbodiimide ligands in Mn(NCN). b) Extended packing of the 
Mn(NCN) layer viewed along the c-axis. Mn represented as orange, C as grey and N as blue. 
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A second structural solution of Cd(NCN) has been proposed in the R3m space group.13 
Removal of the inversion centre from the Rm space group results in the generation of two 
inequivalent nitrogen atoms in the cyanamide ligand. This subtle difference allows for the 
inequivalence of the N1-C1 (1.03(4) Å) and N2-C1 (1.36(4) Å) bonds and leads to bond lengths 
more reflective of a cyanamide (N-C≡N) ligand as opposed to a carbodiimide (N=C=N) ligand. 
Evidence for the suitability of the lower symmetry R3m space group revolves around the elongated 
ADPs of the carbon atom along the plane of the carbodiimide ligand when solved in the Rm 
space group. This implies the possible splitting of this atom over two sites, as well as the splitting 
of the νCN band into two peaks in the FT-IR spectrum, reflective of the presence of both a single 
bonded N-C and a triple bonded N≡C. 
5.3.2 M(NCN) (M = Fe, Co, Ni) 
The structures of the Fe,15 Co,11 Ni11 analogues have previously been elucidated and solved in 
the hexagonal P63/mmc space group. The structures of these analogues are closely related to those 
of the Mn and Cd analogues, but differ in the stacking of the metal layers. The Fe, Co and Ni 
analogues are of a NiAs topology, with flattened metal octahedra and trigonal prismatic polyhedra 
of three N atoms from the carbodiimide and the metal centre. As with the Mn and Cd analogues, 
the a-axis is equivalent to the shortest M-M distance with the metal layers bridged by carbodiimides 
parallel to the c -axis. The symmetry of the space group also results in the linear N=C=N chains. In 
contrast to the Rm space group, the trigonal prisms, defined by three M(II) centres and an apex of 
the N atom of the carbodiimide, are in an eclipsed conformation (Figure 5.2). No evidence of 
elongated ADPs of the carbon atom, indicative of a N-C≡N bonding pattern, has been reported in 
the literature. 
 
Figure 5.2. The eclipsed local environment of the carbodiimide ligands in the P63/mmc space group 
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5.3.3 M(NCN) (M = Cu) 
The structure of Cu(NCN) has been elucidated previously and solved in the orthorhombic 
Cmcm space group.12 The structure is similar to that of the Fe, Co and Ni analogues with the 
addition of the Jahn–Teller distortion of the Cu(II) centre resulting in the elongation of two of the 
Cu-N bonds from 2.008(2) Å to 2.591(7) Å (Figure 5.3). This elongation occurs along the a-axis, 
generating the inequivalence of the a- and b-axes. As with the Rm space group, the trigonal prism, 
defined by three M(II) centres and an apex of the N atom of the carbodiimide, are in an eclipsed 
conformation. 
 
Figure 5.3. The eclipsed local environment of the carbodiimide ligands in CuNCN. Jahn-Teller axis shown as a black 
bond. 
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Figure 5.4. Extended packing of the M(NCN) space groups viewed down the b-axis. a) Cmcm (M = Cu), b) P63/mmc 
(M = Fe, Co, Ni) and c) Rm (M = Mn, Cd).  
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5.4. Thermal Expansivity of M(NCN) (M = Mn, Fe, Co, Ni, Cu, Cd) 
Le Bail analysis of the unit cell parameters of M(NCN) (M = Mn, Fe, Co, Ni, Cu and Cd) over 
the temperature range 100-500 K indicate volumetric PTE with α values lying in the range 
10.3-47.7 × 10-6 K-1. The PTE observed along each cell dimension is anisotropic, with the rate of 
expansion along the a-axis (equivalent to the separation between metal atoms along the [M(II)N2] 
layers) being consistently larger than that along the c-axis (reflective of the M-NCN-M bridge). The 
CTE values along each cell dimension are sensitive to the identity of the metal present and follows 
the Irving-Williams series of crystal field stabilisation energies (CFSE) for high spin divalent metals, 
which correlates directly to the M-N bond strength. As the M-N bond strength increases, as 
implied by the reduction in ionic radius of the metal species, the rate of thermal expansion in the 
materials is reduced (Figure 5.5). This effect can be rationalised by the increased rigidity of the 
M-N bond restricting both the longitudinal and transverse vibrational motions of the ligand, 
thereby constricting the magnitude of thermal expansion. 
Support for the influence of the Irving-Williams series on thermal expansion can be found in 
the DFT modelling of the dissociation energies of Mn(NCN) (representative of the Rm space 
group) and Co(NCN) (representative of the P63/mmc space group). Using B3-LYP/6-31G(d) with 
vibrationless electronic energies, the energy required to dissociate the metal centres from the NCN 
ligand are 7131 and 7307 kJ/mol for the Mn and Co analogues respectively, indicating that the 
thermal energies required to ‘stretch’ or expand along the M-NCN-M bridge are less accessible in 
the Co analogue.  
Table 7.1. Summary of the CTE values for M(NCN) (M = Mn, Fe, Co, Ni, Cu, Cd, Zn) 
Material αa (× 10-6 K-1) αb (× 10-6 K-1) αc (× 10-6 K-1) αV (× 10-6 K-1) 
Temperature 
range (K) 
Mn(NCN)a 15.5 – 1.42 28.7 100-500 
Fe(NCN)b 15.3 – 14.5 47.7 100-500 
Co(NCN)b 17.4 – 6.39 40.6 100-500 
Ni(NCN)b 13.5 – 5.40 32.5 100-500 
Cu(NCN)c 17.9-34.0e 2.96 7.90 46.3 150-440 
Cd(NCN)a 13.4 – 4.57 31.3 100-340 
Zn(NCN)d 3.84-13.9e – –5.50 10.3-31.3e 100-445 
a) Rm. b) P63/mmc. c) Cmcm. d) I2d. e) 2nd order polynomial fit. 
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Figure 5.5. A comparison between the ionic radii (black line) of high spin M(II) ions and the corresponding αc of the 
M(NCN) analogue (bars). 
The PTE behaviour of the P63/mmc (Fe, Co, Ni) and Cmcm (Cu) space groups is consistent 
with the Irving-Williams series for CFSE; however, subtle changes associated with the orientation 
of adjacent [M(II)N2] layers in the Rm space group (Mn and Cd analogues) suppress the PTE, 
primarily along the c-axis. There are two possible mechanisms for this discrepancy. Firstly, the 
different local environment (staggered vs. eclipsed) of the carbodiimide ligands may influence the 
energetics and thermal transverse displacements of this unit. Secondly, there may be a difference in 
bonding energy attributable to the staggered vs. eclipsed binding of this unit. As the carbodiimide 
ligand can act as a rigid connector, both in-phase and out-of-phase transverse vibrations may be 
present (Figure 5.6a). The staggered and eclipsed conformations of the [M(II)N2] layers may lead to 
the preferential occupation of one vibrational mode over the other. In order to reduce ligand-metal 
repulsion, the displacement of the N atoms arising from these vibrational modes is expected to be 
oriented towards the vertices of the M3N trigonal prism, which can readily be visualised in the 
P63/mmc space group in which the prisms in adjacent layers are in an eclipsed conformation (Figure 
5.6b). As a result of this eclipsed conformation, it is anticipated that the displacement of the N 
atoms at each end of the carbodiimide bridge will be in the same direction, leading to a larger 
contribution of the in-phase transverse vibrations on the thermal expansion of the material. In 
contrast, the staggered conformation of the M3N trigonal prisms in adjacent layers of the Rm 
space group (Figure 5.6c) may lead to the N atom at each end of the carbodiimide bridge being 
displaced in opposing directions, leading to a larger contribution of out-of-phase transverse 
vibrations on thermal expansion. 
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Figure 5.6. a) In-phase (left) and out-of-phase (right) transverse vibrations of a rigid bridging ligand. b) A depiction of the 
eclipsed M3N trigonal prisms of the Rm space groups. The anticipated movement of the carbodiimde is represented as 
arrows. c) The staggered conformation of the P63/mmc and Cmcm space groups, with the M3N trigonal prism represented 
as a flat triangle, the solid arrows refer to the displacement of the uppermost N atom of the NCN and the dashed arrows 
refer to the displacement of the bottom N atom. 
A smaller magnitude of PTE behaviour was displayed in the eclipsed phases (possibly due to a 
greater contribution of the NTE component manifested as out-of-phase transverse vibrations), 
compared to the staggered phases (in which in-phase transverse vibrations are expected). As a 
consequence of the orientation of the NCN bridge lying orthogonal to the M-M plane, 
out-of-phase transverse vibrations can lead to greater compression compared to the in-phase 
transverse vibrations, where the NCN bridge lies parallel to the M-M plane and limits the 
contraction of the M-NCN-M motif. However, experimental evidence for this is rare due to the 
small subset of materials which allow these vibrational modes to be decoupled.  
The overall PTE along the c-axis in this series indicates that any NTE contribution from the 
presence of transverse vibrations is not of sufficient magnitude to overcome the bond length 
increases or vibrational modes leading to PTE (primarily M-N longitudinal stretching). The small 
NTE component may arise from the μ3-binding mode of the carbodiimide ligand. This binding 
mode results in the equidistant anchoring of each nitrogen atom of the carbodiimide between three 
M(II) atoms of each layer, which may restrict the amplitude of transverse vibrations within the 
materials. Furthermore, the rigidity of the carbodiimide ligand, stemming from the strong C=N 
bonds, precludes any significant contribution of the N=C=N bending modes. 
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While decoupling of in-phase and out-of-phase transitions have not been previously reported, 
a similar, metal dependent trend has been observed previously in the MPt(CN)6 Prussian blue 
analogue series. In this series the magnitude of thermal expansion is proportional to the 
metal-ligand bond strength, with a greater degree of NTE observed in analogues with weaker 
metal-ligand bond strengths.16 As a result of the high resolution data obtained for the MPt(CN)6 
series, modelling of the thermal motion of the cyanido ligand was achieved by applying the 
Rietveld method to the VT-PXRD patterns, conclusively proving the metal dependence on the 
amplitude of transverse vibrational motions responsible for the NTE behaviour of these materials. 
In the case of the M(NCN) series, refinement of the atomic positions and ADPs were unstable. As 
such, high resolution VT-PXRD is needed to provide additional structural evidence to support the 
proposed mechanisms. 
5.5. Thermal Expansivity of Zn(NCN) 
5.5.1 Structure of Zn(NCN) 
The structure of Zn(NCN) has previously been elucidated and solved in the tetragonal I2d 
space group.17 The structure consists of Zn(II) atoms tetrahedrally coordinated to four 
carbodiimide ligands, with each N atom of the carbodiimide ligand coordinating to two Zn(II) 
centres in a μ2-binding mode. The Zn(II) centres at either end of the carbodiimide anion are 
arranged in a staggered, ‘dumbbell-like’ formation (Figure 5.7a). The corner sharing tetrahedron 
defined by Zn-N4 forms chains along the 111 direction, with every second tetrahedron rotated 
counter-clockwise by 81.5° (Figure 5.7b and c). The carbodiimide in Zn(NCN) is almost linear 
with a N=C=N angle of 176(3)°. 
 
Figure 5.7. Staggered confirmation of the Zn(II) centres of Zn(NCN). b) View of polyhedra of Zn(NCN) along the a-axis. 
c) View of polyhedra of Zn(NCN) along the c-axis. 
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Unit cell analyses of the VT-PXRD patterns of Zn(NCN) (Figure 5.8) reveal volumetric PTE, 
which can be modelled with a second order polynomial function. The rate of volumetric thermal 
expansion is temperature dependent and ranges from 10.3-31.3 × 10-6 K-1 over the temperature 
range 100-500 K. The rate of expansion along the a- and c-axes is anisotropic, with second order 
polynomial PTE observed in the a-axis in the range of 3.84-13.9 × 10-6 K-1 and linear NTE along 
the c-axis with a CTE value of -5.4 × 10-6 K-1. 
 
Figure 5.8. Relative changes in unit cell parameters of Zn(NCN); a-axis (blue), c-axis (red) and volume (black). 
To elucidate the origin of NTE along the c-axis, Rietveld modelling of the VT-PXRD patterns 
of Zn(NCN) was performed. The ADPs of structure were modelled isotropically as, despite the 
complementary fit (Figure 5.9), the refinement was not stable to anisotropic modelling. 
Nonetheless, the bond length and angles were able to be extracted. 
 
Figure 5.9. A representative Rietveld fit to PXRD pattern of Zn(NCN). 
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Analysis of the bond lengths and angles associated with the carbodiimide ligand, which 
predominately lie along the c-axis, reveal that despite a slight decrease in the NCN angle, indicative 
of potential bending of the NCN motif, the ligand itself undergoes PTE, as shown by an increase 
in the N=C=N distance (Figure 5.10). The PTE associated with the NCN ligand eliminates any 
NCN bending mode or transverse vibration as the source of NTE within Zn(NCN). 
 
Figure 5.10. a) Change in NCN angle and b) change in NCN distance of Zn(NCN). 
a) 
b) 
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A consequence of the increase in the N=C=N distance is observed in the angles associated 
with the staggered ‘dumbbell-like’ formation of the Zn(II) centres around the NCN ligand. Due to 
the μ2-binding mode in the dumbbell-like formation, the increase in the length of the NCN ligand 
occurs directly between the Zn(II) centres and leads to a flattening of the corresponding Zn-N-Zn 
angle (Figure 5.12b). The orientation of the Zn-N-Zn dumbbell motif is such that zigzagging 
chains of ZnNZn bisect the a- and b-axes, with the Zn-N-Zn angle lying along the plane of the c-
axis (Figure 5.11b). As such, a flattening of the Zn-N-Zn zigzag leads to an increase in the a- and 
b-axes, as well as a corresponding reduction in the length of the c-axis. The effect of the flattening 
of the Zn-N-Zn zigzag can be visualised by the formation of a centroid between the two 
corresponding Zn(II) centres of the dumbbell motif (Figure 5.12a). As the Zn-N-Zn angle 
increases, the distance between centroids is reduced with a CTE value of -2.7 × 10-6 K-1, 
accounting in part for the uniaxial NTE observed in Zn(NCN). 
 
 
Figure 5.11. a) The dumbbell motif of Zn(NCN). The centroids related to the Zn(II) centres are shown as red spheres. b) 
The Zn-N-Zn zigzag chains running along the c-axis. 
b) 
a) 
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Figure 5.12. a) The distance between the centroids of the Zn dumbbell motif. b) The Zn-N-Zn angle of the Zn dumbbell 
motif, 
5.6. Conclusions 
In this chapter, the thermal expansion behaviour of a series of M(NCN) (M = Mn, Fe, Co, Ni, 
Zn, Cu and Cd) materials was evaluated, with an in-depth assessment of the contribution of the 
carbodiimide ligand on the observed thermal expansion. These materials can be subdivided into 
three distinct structural classes, two consisting of axially distorted MN6 octahedra (M = Mn, Fe, 
b) 
a) 
107 
 
Co, Ni, Cu and Cd), with the Fe, Co, Ni and Cu analogues comprising a staggered M3N layer 
separated by a carbodiimide ligand and the Mn and Cd analogues comprising an eclipsed M3N layer 
separated by a carbodiimide ligand, and the third consisting of a tetrahedrally coordinated Zn(II) 
centre.  
In the first case, the materials display a strong metal dependence in their thermal expansion 
properties. The PTE observed in ab plane (where the a-axis is equivalent to the separation between 
metal atoms within the [M(II)N2] layers) was consistently larger than the c-axis (reflective of the 
M-NCN-M bridge). The PTE behaviour of the P63/mmc (Fe, Co, Ni) and Cmcm (Cu) space groups 
is consistent with the Irving-Williams series for CFSE, whereby an increase in the M-N bond 
strength leads to a reduction in the observed PTE. However, subtle changes associated with the 
orientation of adjacent [M(II)N2] layers in the Rm space group (Mn and Cd analogues) suppress 
the PTE, primarily along the c-axis. To account for this discrepancy, it is anticipated that the 
eclipsed M3N trigonal prisms of alternating layers promotes out-of-phase transverse vibrations of 
the carbodiimide ligand (δ2), while the staggered M3N trigonal prisms of alternating layers 
promotes in-phase transverse vibrations (δ1). As a consequence of the presence of out-of-phase 
transverse vibrations, which has a larger effective NTE influence than δ1 vibrations, the PTE 
observed in the Mn and Cd analogues approached ZTE values, while the Fe, Co, Ni and Cu 
analogues (in which the amplitude of out-of-phase transverse vibrations are anticipated to be 
reduced) displayed larger PTE values. 
In the second case, Zn(NCN) displayed anisotropic thermal expansion with PTE in the a-axis 
and cell volume, as well as NTE in the c-axis. Rietveld modelling of VT-PXRD patterns were of 
insufficient detail to determine the magnitude of transverse vibrational motions of the NCN ligand 
within the material. They were, however, sufficient to suggest that any contribution of the NCN 
bending mode on the uniaxial NTE of the material is negligible and insufficient to overcome the 
increase in the N=C bond length. The observed NTE along the c-axis was primarily determined to 
arise from an increase in the Zn-N-Zn angle of the Zn dumbbell motif, which leads to a flattening 
of the Zn-N-Zn zigzag chains which run along the c-axis. This flattening leads to both the 
contraction of the c-axis and acts to further increase the magnitude of the PTE along the a-axis.   
This work builds upon the discovery of transverse vibrations in β-Si(NCN)2, which, as far as 
the author is aware, is the only carbodiimide-based framework investigated for its thermal 
expansion properties. The eclipsed and staggered phases of the Mn, Fe, Co, Ni, Cu and Cd 
analogues represent a rare opportunity to decouple the in-phase and out-of-phase transverse 
vibrational modes. Future work to complement these finding require further structural 
investigations to model the vibrational motions of the NCN ligand in these systems.  
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Chapter 6: Structures, Electrochemical and 
Spectral Properties of a Series of 
(PPh4)[MnN(CN)3(diimine)] Complexes 
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6.1. Overview 
The rational design and incorporation of secondary building units with desired functionalities into 
coordination frameworks has led to the synthesis of a diverse range of materials with control over 
both the resulting materials architecture and functionality.1, 2 The development of materials in 
which multiple properties coexist allows for the systematic analysis of new and understudied 
properties of interest, e.g., the presence of redox active metal sites or ligands within a porous 
material enables the investigation into electrical swing adsorption for gas separations.3, 4  
Supramolecular assembles incorporating a diverse range of [M(diimine)(CN)4]1–/2– (M = Fe3+, Ru2+, 
Os2+ or Cr3+) complexes have revealed interesting solvatochromic and metallochromic properties, 
as well as long lived luminescence.5-8 These features arise from manipulating the electron density of 
the metals centres through direct interactions with the N–termini of the cyanido ligand as well as 
solvent mediated hydrogen bonding interactions or outer–sphere solvent effects. Materials 
displaying these properties have been intensively researched for their potential applications in 
chemical sensing,9 as chromophores in dye–sensitised solar cells,10 and for their unique 
electrochemical properties.11 As such, this chapter focuses on the efforts to synthesise a range of 
secondary building units incorporating the redox active Mn(V) site, a terminal nitride and a range 
of bidentate capping ligands which can perturb both the electronic and steric environment of the 
complex. The materials discussed in this chapter form an isostructural series of complexes with the 
formula (PPh4)[MnN(CN)3(diimine)], where diimine = 2,2'-bipyridine (4(bpy)), 
4,4'-dimethyl-2,2'-bipyridine (4(4-dmbpy)), 5,5'-dimethyl-2,2'-bipyridine (4(5-dmbpy)), 
1,10-phenanthroline (4(phen)) and bipyrimidine (4(bpym)). The investigation into the effect of 
ligand substitution on the redox activity of the Mn(V) site, as well as the effect on the 
nucleophilicity of the terminal nitride has been assessed. The materials have been characterised 
using single crystal X-ray diffraction, elemental analysis, mass spectrometry as well as 1H and 
13C{1H} NMR. Attempts to incorporate these new building units into a coordination framework 
have also been detailed.    
6.2. Synthesis 
(PPh4)[MnN(CN)3(diimine)] complexes (diimine = bpy, 4–dmbpy, 5–dmbpy, phen and bpym) 
were afforded by the slow evaporation of (PPh4)2[MnN(CN)4] (8.1 mg, 0.01 mmol) and the molar 
equivalent of the corresponding bipyridine derivative from a H2O: MeOH mixture (1:1, 20 ml). In 
all cases, small orange plate–like crystals suitable for X–ray diffraction were obtained in quantitative 
yield. The samples were then washed with H2O and dried under vacuum. 
 
111 
 
6.3. Crystal Structures of (PPh4)[MnN(CN)3(diimine)] 
The crystal structure of 4(bpy)·bpy·2H2O was solved and refined in the triclinic P space group 
with unit cell parameters of a = 9.8879(4), b = 12.5820(5), c = 15.5181(6) Å and α = 75.703(4), 
β = 83.981(3) and γ = 88.102(3)° at 150 K. The asymmetric unit consists of a 
tetraphenylphosphonium cation, a [MnN(CN)3(bpy)]– anionic complex, two lattice water molecules 
and one half of an uncoordinated 2,2′–bipyridine ligand (Figure 6.1). The central Mn(V) ion has a 
distorted octahedral geometry with the equatorial plane comprising three C–coordinated cyanido 
ligands and one nitrogen donor from the bidentate bpy ligand. The coordination sphere is 
completed by a long axial Mn–N bond (2.253(4) Å) from the remaining half of the bpy ligand and 
a short Mn≡N bond (1.536(3) Å). The Mn(V) centre is distorted out of the equatorial plane 
towards the terminal nitride with a C1a–Mn1–C3a angle of 165.8(2)° and a N6–Mn1–C2a angle of 
165.9(9)°.  
The hydrogen atoms of the lattice solvent form an extended hydrogen bonded network with the 
N–termini of the cyanido ligands and the N–donor from the uncoordinated bpy ligand. No 
evidence of hydrogen bonding with the terminal nitride of the anion was found, implying low 
nucleophilicity of the nitride. This is correlated with the short Mn≡N bond length (1.536(2) Å), 
which is comparable to that found in related complexes and coordination frameworks.12-15  
 
Figure 6.1. Asymmetric unit of 4(bpy)·bpy·2H2O. Atoms are shown as thermal ellipsoids (50 % probability). 
Hydrogen atoms, solvent and uncoordinated ligand removed for clarity. 
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The crystal structures of 4(4-dmbpy)·2H2O·MeOH, 4(5-dmbpy)·2H2O  and 4(bpym)·MeOH 
show the same connectivity in the anionic complex with the bpy ligand substituted for 4–dmbpy, 
5–dmbpy and bpym, respectively (Figure 6.2). Unlike 4(bpy)·bpy·2H2O, no uncoordinated 
ligands were found in compounds 4(4-dmbpy)·2H2O·MeOH, 4(5-dmbpy)·2H2O and 
4(bpym)·MeOH. Details of the crystal system, unit cell dimensions and collection statistics for 
each complex can be found in Table 6.1. The low nucleophilicity of the terminal nitride in 
compounds 4(4-dmbpy)·2H2O·MeOH, 4(5-dmbpy)·2H2O and 4(bpym)·MeOH is similarly 
evident from the short Mn≡N bond lengths (1.533(3)–1.576(4) Å) and lack of hydrogen bonding 
from the lattice solvent to the terminal nitride. 
 
Figure 6.2. Anionic complex of a) (PPh4)[MnN(CN)3(4-dmbpy)]·2H2O·MeOH, b) 
(PPh4)[MnN(CN)3(5-dmbpy)]·2H2O and c) (PPh4)[MnN(CN)3(bpym)]·MeOH  
Suitable crystals for single crystal X–ray diffraction of complex 4(phen) could not be obtained. 
However, the structural similarities of 4(phen) with complexes 4(bpy)·bpy·2H2O, 
4(4-dmbpy)·2H2O·MeOH, 4(5-dmbpy)·2H2O and 4(bpym)·MeOH can be confirmed 
through the characteristic splitting of signals in the 1H and 13C{1H} NMR spectra which arise from 
the asymmetric coordination environment of the phen ligand (Appendix E). 
 
113 
 
The crystal structure of 4(bpym)·MeOH differs from 4(bpy)·bpy·2H2O, 
4(4-dmbpy)·2H2O·MeOH and 4(5-dmbpy)·2H2O only in the crystal packing. The structure of 
4(bpym)·MeOH was solved and refined in the monoclinic C2/c space group with unit cell 
parameters of a = 33.871(3), b = 13.8096(10), c = 31.061(3) Å and β = 116.561(3)° at 150 K. The 
cell contents are effectively doubled compared to complexes 4(bpy)·bpy·2H2O, 
4(4-dmbpy)·2H2O·MeOH and 4(5-dmbpy)·2H2O, and consist of two inequivalant 
tetraphenylphosphonium cations as well as two inequivalant [MnN(CN)3(bpym)]– complexes. The 
bpym ligand coordinates to only one Mn(V) ion, leaving a pair of coordinatively unsaturated 
nitrogen atoms in the heterocyclic ring. No evidence of dimer formation was detected in the 1H 
and 13C{1H} NMR of complex 4(bpym)·MeOH. 
The 1H and 13C{1H} NMR of all complexes confirm the aforementioned crystal structures and 
bulk purity of the samples, with the chemical inequivalence of the coordinated diimine causing 
splitting in the spectra. A downfield shift for the aromatic protons of the diimine ligand is 
observed, as compared to the uncoordinated ligand, with a greater downfield shift for the protons 
in the equatorial ring as compared to the axially coordinated ring. This shift can be correlated with 
the shorter M–N bond length for the equatorial ring (2.028(3)–2.059(5) Å) as opposed to the axial 
ring (2.248(2)–2.27(6) Å), leading to greater π-back bonding and increased electron density. 
As a result of the axial compression and octahedral distortion of the Mn(V) centre, the degeneracy 
of the dz2 and dx2-y2 orbitals is removed. The subsequent lowering of the dx2-y2 orbital in relation to 
the dz2 orbital, leads to a S = 0 spin state and enables the analysis of the diamagnetic material by 
NMR. 
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Table 6.1. Crystallographic data for complexes 4(bpy)·bpy·2H2O, 4(4-dmbpy), 4(5-dmbpy) and 4(bpym)·MeOH. 
Compound (PPh4)[MnN(CN)3(bpy)]·bpy·2H2O (PPh4)[MnN(CN)3(4-dmbpy)]·2H2O· 
MeOH 
(PPh4)[MnN(CN)3(5-dmbpy)]·2H2O (PPh4)[MnN(CN)3(bpym)]·MeOH 
Formula weight 756.69 723.78 694.62 676.59 
Temperature / K 150(2) 150(2) 150(2) 150(2) 
Crystal system triclinic triclinic triclinic monoclinic 
Space group P P P C2/c 
a / Å 9.8879(4) 9.0108(2) 9.5786(3) 33.871(3) 
b / Å 12.5820(5) 12.8562(2) 10.8768(4) 13.8096(10) 
c / Å 15.5181(6) 16.5913(3) 17.0756(6) 31.061(3) 
α / ° 75.703(4) 90.291(2) 82.137(3) 90 
β / ° 83.981(3) 95.193(2) 84.459(3) 116.561(3) 
γ / ° 88.102(3) 106.770(2) 84.461(3) 90 
V / Å3 1860.44(13) 1831.74(6) 1747.78(10) 12995.5(17) 
Z 2 2 2 16 
Data/ restraints/ parameters 7312/ 0 / 526 7688/ 0 / 453 7362/ 0 / 432 13516/ 0 / 828 
Goodness–of–fit (S) 1.172 1.038 1.061 1.050 
Final R indexes [I > 2σ (I)][a],[b] R1 = 0.0402, wR2 = 0.0889 R1 = 0.0747, wR2 = 0.1909 R1 = 0.0497, wR2 = 0.1319 R1 = 0.0699, wR2 = 0.1823 
[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]]1/2. 
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6.4. Infrared Spectroscopy 
The infrared spectra of the complexes were used to probe both the cyanide environment around 
the metal centre as well as the terminal nitride (Figure 6.3). The νCN is diagnostic of the electronic 
and coordination environment of the Mn(V) centre. The complexes display two unique cyanido 
peaks occurring in the range 2114-2138 cm-1, which is typical of monodentate cyanido ligands.17 
The νCN of complex 4(bpy)·bpy·2H2O (2123 and 2134 cm-1) display a greater blue shift compared 
to the substituted bipyridine family of 4-dmbpy, 5-dmbpy and bpym (2114-2118 and 2124-2126 
cm-1), indicating reduced back bonding between the Mn(V) centre and the π* anti-bonding orbital 
of the cyanido ligand. Likewise the νMn≡N is also indicative of the relative nucleophilicity of the 
terminal nitride. The νMn≡N for all complexes lie within the range 1023–1028 cm-1 and are red 
shifted as compared to the parent complex (PPh4)2[MnN(CN)4] (1090 cm-1). The decrease in the 
frequency of the νMn≡N is also reflected in the increase of the Mn≡N bond length (c. 1.53 Å) 
compared to the parent complex (1.507(2) Å), indicating a weaker Mn≡N interaction. The 
structural data indicates that despite an absence of hydrogen bonding with the solvent, the terminal 
nitride moiety in all complexes has a greater nucleophilic character than the parent complex, 
potentially leading to improved CO2 adsorption when incorporated into a porous coordination 
framework.18, 19  
 
Figure 6.3. FT–IR (KBr) of complexes 4(bpy)·bpy·2H2O (green), 4(4-dmbpy)·2H2O·MeOH (purple), 
4(5-dmbpy)·2H2O (maroon), 4(phen) (black) and 4(bpym)·MeOH (navy). 
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6.5. Thermal Stability 
Thermogravimetric analysis was conducted to assess the thermal stability of the complex, as well as 
to confirm the solvent content identified by SCXRD. 4(bpy)·bpy·2H2O displays four distinct 
mass loss steps (Figure 6.4). The first mass loss step of 6% at 80 °C corresponds to the loss of 
approximately two water molecules per formula unit, correlating well with the crystallographic 
solvent content. The second mass loss of 16% at 100 °C relates to the loss of the uncoordinated 
bpy ligand. The final two mass loss steps in the range 180-250 °C corresponds to the complete 
decomposition of the material, leaving a mass equivalent to complete oxidation of the compound 
to Mn2O7. 
 
Figure 6.4. TGA of complex 4(bpy)·bpy·2H2O 
The mass loss steps and the corresponding solvent content as well as the final metal species 
detected for the remaining compounds are summarised in Table 6.2.  
Table 6.2. Summary of TGA data for all complexes 
Complex Starting species Temperature 
(°C) 
Mass loss 
(%) 
Resulting species 
4(bpy)·bpy·2H2O (PPh4)[MnN(CN)3(bpy)]·bpy·
2H2O 
70-87 
95-120 
170-250 
6 
16 
83 
(PPh4)[MnN(CN)3(bpy)]·bpy 
(PPh4)[MnN(CN)3(bpy)] 
Mn2O7 
4(4-dmbpy)·2H2O
·MeOH 
(PPh4)[MnN(CN)3(4-dmbpy)]
·2H2O 
25-100 
180-250 
8 
82 
(PPh4)[MnN(CN)3(4-dmbpy)] 
Mn2O7 
4(5-dmbpy)·2H2O (PPh4)[MnN(CN)3(5-dmbpy)]
·2H2O 
25-50 
150-300 
8 
80 
(PPh4)[MnN(CN)3(5-dmbpy)] 
Mn2O7 
4(phen) (PPh4)[MnN(CN)3(phen)]·3 
MeOH 
46-64 
213-271 
15 
81 
(PPh4)[MnN(CN)3(phen)] 
Mn2O7 
4(bpym)·MeOH (PPh4)[MnN(CN)3(bpym)]·3
MeOH 
25-62 
143-287 
15 
81 
(PPh4][MnN(CN)3(bpym)] 
Mn2O7 
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6.6. Electrochemistry 
Cyclic voltammograms of the complexes in 0.1 M [(n–C4H9)4N]PF6/MeCN electrolyte each exhibit 
a reversible, one electron oxidation process and two irreversible reduction processes. The 
reversible oxidation peak is assigned to the metal centred Mn(V)/Mn(VI) couple and occur over 
the range 0.67–0.86 V vs. Fc+/Fc for all complexes. In all cases, the peak–peak separation (∆(Epox – 
Epred) ~ 60 mV) and ratio of peak currents (Iox/Ired ~ 1.06 at 100 mV s–1 scan rate) for the 
Mn(V)/Mn(VI) couple are consistent with a fully Nernstian one electron redox process. The 
reduction peaks most likely correspond to a combination of metal centred reductions as well as the 
possible reduction of the diimine ligand.20 Table 6.3 contains a summary of the redox potentials for 
the complexes.  
The shift in the half wave potential for the Mn(V)/Mn(VI) redox couple across the series reflects 
the π–accepting nature of the ligands. This potential becomes increasingly anodic for complexes 
containing stronger π–accepting ligands due to the greater electron–deficiency of the metal centre. 
Table 6.3. Summary of electrochemical and spectral properties for all complexes. 
Compound E1/2 (Mn(V)/Mn(VI)) (V) [a] λmax (nm) (ε (M-1 cm-1)) [b] 
4(bpy)·bpy·2H2O 0.727 445 (1738) 
4(4-dmbpy)·2H2O·MeOH 0.675 436 (1043) 
4(5-dmbpy)·2H2O 0.680 434 (1863) 
4(phen) 0.709 450 (2303) 
4(bpym)·MeOH 0.864 459 (1631) 
[a] All potentials were recorded in 0.1 M [(n–C4H9)4N]PF6/MeCN electrolyte. E1/2 values are referenced to the Fc+/Fc 
couple. [b] Recorded in MeCN 
 
 
 
 
 
 
118 
 
6.7. Solvatochromism 
The complexes, as a solution in acetonitrile, are characterised by three absorption bands in the 
visible region. The absorption bands of the complexes comprise two intense overlapping peaks in 
the range 436-445 nm as well as a weaker shoulder band around 550 nm, except in 
4(bpym)·MeOH which are clearly resolved into two transitions at 389 and 459 nm. 
The shift in the absorption maxima in the region 436-445 nm in the complexes is correlated to the 
half wave potential, Ep1/2, with higher wavelength absorption bands corresponding to a higher 
Ep1/2 for the Mn(V)/Mn(VI) couple. The correlation between the electrochemical redox potentials 
and absorption maxima confirm the assignment of these bands as metal-to-ligand charge transfer 
transitions, whereby a lowering of the energy for the MLCT transition (i.e., an increase in 
wavelength) results in an increase in Ep1/2 due to the reduced electron density on the Mn(V) centre 
(Table 6.3).  
 
Figure 6.5. UV–Vis absorbance spectrum of 4(bpy)·bpy·2H2O  in MeCN. The solvatochromism of 
4(bpy)·bpy·2H2O  is shown in the inset with MeOH (maroon), EtOH (green), MeCN (violet) and DCM (blue). 
The absorption maxima for the MLCT bands in the complexes are solvent dependent, with a 
bathochromic red–shift occurring in polar solvents that are strong electron acceptors (Table 6.4 
and Figure 6.5). The solvatochromism can be attributed to i) stabilisation of the Mn(V) centre by 
the polar solvents while the π* orbitals of the diimine ligand remain unaffected, and ii) the removal 
of electron density from the N–termini of the cyanido ligands by strong electron acceptors, leading 
to an increase in the electron withdrawing nature of the cyanido ligands.  
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Table 6.4. Solvatochromism of all complexes. 
Compound λmax (nm) in DCM λmax (nm) in MeCN λmax (nm) in EtOH λmax (nm) in MeOH 
Acceptor Number: 
Relative polarity: 
20.4 
0.309 
18.9 
0.46 
37.9 
0.654 
41.5 
0.762 
4(bpy)·bpy·2H2O 449 445 426 414 
4(4-dmbpy)·2H2O·MeOH 440 436 402 401 
4(5 dmbpy)·2H2O 437 434 401 401 
4(phen) 453 450 430 420 
4(bpym)·MeOH 467 459 380 371 
 
The origin of the solvatochromsim arising from stabilisation of the Mn(V) centre in polar solvents 
is consistent with the Franck-Condon principle, whereby electronic transitions occur 
instantaneously relative to the timescale of vibronic motions. Upon irradiation with light, an 
electron is promoted from the HOMO of the Mn(V) centre to the LUMO of the diimine ligand, in 
this instance the π* orbital, creating a dipole moment within the anionic complex. The stabilisation 
of this dipole moment by polar solvents results in the lowering of energy required for this 
transition to occur. 
Materials which display solvatochromism have been investigated for their application as 
chemisensors, in particular for the detection of harmful or polluting small molecules. Through the 
characteristic response of the material to its immediate environment, the presence of distinct guests 
may readily be detected. Incorporation of discrete complexes displaying these properties into 
coordination framework structures may give rise to a greater complexity of behaviour. In 
particular, solvatochromism combined with the subsequent sequestration or entrapment of 
harmful molecules could lead to higher order applications. 
6.8. Framework Synthesis 
The incorporation of the complexes into extended structures is desirable due to the increased 
nucleophilic nature of the terminal nitride, as shown by the decrease in νMn≡N, potentially leading to 
a strong interaction between the framework and gases such as CO2. Furthermore, the 
solvatochromism of the Mn(V) centre may enable chemisensing applications through the colour 
change associated with the adsorption of polar solvents, which can be modulated through the 
substitution of various diimine ligands.     
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The complexes can potentially be incorporated into coordination framework materials through the 
bidentate coordination mode of the cyanido ligands with another transition metal. The tritopic 
meridional geometry of the cyanido ligands is a rare motif with little precedence in 
crystallographically analysed materials (as per CCDC searches), despite the presence of a wide 
range of similar discrete complexes, vis. [M(diimine)(CN)4]1–/2– (M = Fe3+, Ru2+, Os2+ or Cr+3) and 
(PPh4)[ML(CN)3(L′)] (where M = Mn5+, Mo4+, W4+, L = N, O, L′ = diimine, pyridine 
carboxylate).5-7, 21, 22 Cation exchange of (PPh4)[Ru(diimine)(CN)4]2– with soft alkali metals such as 
K+ or Cs+ have resulted in the formation of unique side on coordination with the electron dense 
triple bond of the cyanido ligand, whilst hard alkali metals such as Li+ or Ba2+ have yielded 
traditional Ru-CN-M interactions. The interaction of the cyanido ligand with the charged counter 
ions in these low dimensional, weakly coordinated chains display stronger modulation of the 
photophysical properties of these materials as compared to solvent mediated solvatochromism.7, 23 
Efforts to synthesis frameworks from these building units have not been successful despite the 
apparent electron density on the N-termini of the cyanide ligands, as evidenced by the hydrogen 
bonding with the lattice solvent. Slow diffusion techniques, as well as high temperature 
solvothermal synthesis with a range of first row transition metals have resulted in no precipitate 
forming. As such, efforts were made to include additional coordination sites on the bidentate 
ligands, vis. bpym, as well as attempts at synthesising analogous materials using 
4,4’-dicarboxylic-2,2’-bipyridine, where the carboxylic acids provide additional coordination sites to 
extend the material. Whilst the incorporation of bpym was successful, the coordination of both 
first row transition metals and addition [MnN(CN)4]2- complexes with the unsaturated nitrogens in 
the heterocyclic ring was not achieved.  
6.9. Summary 
The electrochemical and spectral properties of a new series of (PPh4)[MnN(CN)3(diimine)] 
complexes have been shown to be sensitive to the identity of the diimine ligand and outer–sphere 
solvent effects. The Mn(V)/Mn(VI) redox couple in the complexes are correlated with the π–
accepting capacity of the diimine ligand, with a more positive potential observed for complexes 
containing stronger π–accepting ligands due to the greater electron–deficiency of the metal centre. 
Furthermore, the solvatochromic behaviour of the MLCT band can be attributed to the stabilising 
effect of polar solvents on the dipole of [MnN(CN)3(diimine)]–.  
These complexes represent potential building blocks for the construction of extended coordination 
framework materials in which the electrochemical and spectral properties can be tuned 
systematically through rational substitution of the diimine ligands. The sensitivity of the MLCT 
band in these complexes to the chemical environment also paves the way towards the potential 
application of the complexes and their framework derivatives in chemical sensing. 
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Chapter 7: Instrumentation 
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7.1. Instrumentation 
7.1.1 Single crystal X-ray diffraction (SCXRD) 
SCXRD measurements were performed on an Oxford Supernova diffractometer equipped with Mo-Kα 
(λ = 0.71073 Å) or Cu-Kα (λ = 1.5406 Å) radiation, as well as an Oxford Cryostreams 700 Plus dry nitrogen 
cryostream. Crystals were mounted on a mohair fibre with Paratone-N oil and quenched cooled to 150 K, 
unless otherwise stated. Data reduction and empirical adsorption corrections were performed using the Agilent 
Technologies Crysalispro software, SCALE3 ABSPACK.1 Structure solutions were obtained using 
SHELXS-972 and refined using SHELXL-973 in the WinGX interface.4 
SCXRD collections were also performed on a Bruker–Nonius FR591 Kappa Apex II diffractometer equipped 
with Mo-Kα (λ = 0.71073 Å) and an Oxford Cryostreams 700 Plus dry nitrogen cryostream. Crystals were 
mounted on a mohair fibre with Paratone-N oil and quenched cooled to 150 K, unless otherwise stated. Data 
reduction was performed using the Bruker-Nonius SAINT v.7.60A software.5 Empirical absorption 
corrections were applied using SADABS6 and structure solutions were obtained using SHELXS-972 and 
refined using SHELXL-973 in WinGX interface.4 
Atoms were refined anisotropically where meaningful. A riding atom model with group displacement 
parameters was used for the hydrogen atoms. Pore/channel dimensions were calculated by subtraction of the 
relevant van der Waals radii in PLATON.7 Illustrations in this thesis were produced using Mercury, POV-Ray 
and X-seed.8-10 
7.1.2 Powder X-ray diffraction (PXRD) 
Laboratory PXRD data were collected on a PANalytical X’Pert Pro diffractometer fitted with a solid-state 
PIXcel detector (40 kV, 30 mA, 1° divergence and anti-scatter slits, and 0.3 mm receiver and detector slits) 
using Cu-Kα (λ = 1.5406 Å) radiation. Data was collected at a rate of approximately 1° min-1 over a 5-80° 2θ 
range with a 0.02° step size. 
Profile fits were made using the Le Bail method in Rietica11 or the Rietveld method in GSAS using 
EXPGUI.12,13 
Variable temperature measurements were performed at the Advance Photon Source, Argonne National 
Laboratory, Chicago, on the 17-BM beamline (λ = 0.72808 Å) equipped with a Perkin Elmer area detector with 
a Carbon window. The sample temperature was controlled using an Oxford Cryostreams open flow cryostat, 
with data collected in 20 sec exposures upon continuous temperature ramping over the range 300-90 K, at 
120 K hr-1. 
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7.1.3 Magnetic susceptibility 
Magnetic susceptibility measurements were carried out on a Quantum Designs Physical Properties 
Measurement System (PPMS) with a Vibrating Sample Magnetometer (VSM) attachment. Measurements were 
collected continuously in sweep mode under an applied field of 500 Oe over the temperature range of 2-300 K 
at a scan rate of 4 K min-1, unless otherwise specified. Samples were loaded into a polyethylene sample holder 
and sealed with Teflon and Kapton tape. Where retention of solvent was required, samples were loaded wet 
into perfluoroalkoxy (PFA) tube of 1/8” outer diameter and 1/16” inner diameter. Each end of the PFA tube 
was sealed with a poly(methyl methacrylate) (PMMA) plug.   
Magnetic susceptibility measurements were also measured on a Quantum Designs Versalab with a VSM 
attachment. Measurements were collected continuously in a sweep mode under an applied field of 3000 Oe 
over the temperature range of 50-300 K at a scan rate of 4 K min-1, unless otherwise specified. 
For all SCO transitions and hysteresis widths quoted within the thesis, an isothermal approach mode was used. 
The magnetic susceptibility at each temperature interval was allowed to equilibrate. Upon equilibration, the 
susceptibility was collected over two 60 sec intervals and averaged to produce the raw susceptibility of the 
sample. A temperature ramp rate of 1 K min-1 was used for these measurements. 
Diamagnetic corrections were applied for the contribution of the sample holder and the sample (χD) using 
Pascal’s constants.14 
7.1.4 Thermogravimetric analysis (TGA)  
TGA measurements were carried out on a TA Instruments Hi-Res TGA 2950 Thermogravimetric Analyser. 
Measurements were conducted under a dry N2 stream (0.1 L/min). To identify the approximate temperatures 
of guest loss and thermal decomposition, the sample temperature was heated at 0.75 °C/min from 25 to 
700 °C. Samples were loaded dry after exposure to air unless otherwise stated. 
7.1.5 Gas adsorption  
Adsorption isotherms were measured using an Accelerated Surface Area & Porosimetry System (ASAP) 2020 
supplied by Micromeritics Instruments Inc. Approximately 50 mg of the sample was loaded into a glass 
analysis tube and outgassed for 24 h under vacuum at 90 °C prior to measurement. N2 adsorption and 
desorption isotherms were measured at 77 K and data was analysed using BET models to determine the 
surface area.15 CO2 and H2 measurements were carried out on the ASAP2020 as described above. The isosteric 
heat of adsorption for CO2 was determined by interpolating carbon dioxide isotherms at 298, 308 and 318 K. 
Isosteric heat of adsorption calculations (–Qst) for CO2 at these temperatures were undertaken using the 
Clausius-Clapeyron equation with direct interpolation of data points. 
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7.1.6 Vapour sorption 
Vapour sorption isotherms were performed on a Hiden-Isochema Intelligent Gravimetric Analyser (IGA). 
Prior to adsorption, samples were outgassed under vacuum at 90 °C. The sample chamber was pressurized to a 
set pressure of adsorbate and allowed to equilibrate for 60 minutes before moving to the next pressure point. 
7.1.7 Solid-state Fourier transform infrared (FTIR) spectroscopy 
Fourier transform infrared (FTIR) spectra were collected in a KBr matrix over the range 4000-400 cm-1 using a 
Varian FTS-800 Scimitar series infrared spectrometer. KBr was heated at 400 K under vacuum for 24 h prior 
to analysis, with 2-4 mg of material per 200 mg of KBr used for each measurement. A KBr background scan 
was obtained before each new scan and subtracted from the sample scan to obtain a difference spectrum. 
7.1.8 Diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS) 
In situ DRIFTS was performed on samples in a KBr matrix over the range 4000-400 cm-1 using a Harrick 
Scientific Products, Inc. Praying Mantis attachment on a Bruker Tensor 27 FT-IR spectrometer. The Praying 
Mantis was mounted with a Low Temperature Reaction Chamber fitted with ZnSe windows and a Harrick 
Scientific Products, Inc. Temperature Controller. The sample was heated at 90 °C under vacuum for 16 h prior 
to analysis. High purity CO2 (99.99%) was introduced at a range of pressures, and 1600 scans of the sample 
were recorded and averaged at each pressure dose. 
7.1.9 Fluorescence 
Fluorescence measurements were recorded on a Varian Cary Eclipse Fluorescence spectrophotometer in the 
solid state. A dry powdered sample was pressed onto a quartz plate and set diagonally inside the quartz cuvette 
used for solution state measurements. The sample was excited at 400 nm and the emission spectrum was 
obtained from 410-600 nm at a scan rate of 120 nm min-1 and a 1 nm data interval and excitation and emission 
slit widths of 1 mm.  
7.1.10 Raman spectroscopy 
Raman spectra were measured at room temperature on an inVia renishaw Raman instrument fitted with a 
microscope over the range 3600-100 cm-1. An excitation wavelength using the 514 nm, with 5 scan 
accumulations of 10 sec exposures and a laser power of 10 % were used to collect the final datasets.  
7.1.11 Catalysis measurements 
[ZnMnN(CN)4(H2O)]·2H2O·MeOH (1 mol%), CH3CN (1 ml), cyclopentene (1 mmol) and H2O2 (30% w/v 
in H2O) (2 equiv.) were combined under an inert atmosphere at 23 °C. The reaction was monitored by Head 
Space Solid Phase Microextraction (HS-SPME) and a Finnigan PolarisQ mass spectrometer attached to a 
ThermoQuest trace gas chromatograph fitted with a 30 m × 0.25 mm × 0.25 mm Zebron DB5 MS column. 
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7.1.12 Electrochemistry 
Solution state electrochemical measurements were performed using a BASi Epsilon Electrochemical Analyser. 
Argon was bubbled through solutions of 0.1 M [(n–C4H9)4N]PF6 dissolved in distilled acetonitrile. Cyclic 
voltammograms (CVs) were recorded using a glassy carbon working electrode (1.5 mm diameter), a platinum 
wire auxiliary electrode and an Ag/Ag+ wire quasi reference electrode. All potentials are quoted in mV versus a 
Fc+/Fc0 internal reference. 
7.1.13 Mass spectrometry 
Mass spectra were acquired in an acetonitrile solution with a 100 μL/min flow rate on a Finnegan LCQ MS 
Detector (ESI). An ESI spray voltage of 5 kV was applied with a heated capillary temperature of 200 °C and a 
nitrogen sheath gas pressure of 60 psi. 
7.1.14 Microanalysis  
Elemental microanalyses were carried out at the Chemical Analysis Facility – Elemental Analysis Service in the 
Department of Chemistry and Biomolecular Science at Macquarie University, Australia. 
7.1.15 Nuclear magnetic resonance (NMR) 
1H and 13C NMR spectra were recorded on a Bruker Avance III spectrophotometer operating at 500 MHz for 
1H and 125 MHz for 13C. The 1H and 13C chemical shifts were referenced internally to residual solvent 
resonances. Spectra were recorded at 298 K and chemical shifts (δ), with uncertainties of ± 0.01 Hz for 1H and 
±0.05 Hz for 13C, are quoted in ppm. Coupling constants (J) are quoted in Hz and have uncertainties of ±0.05 
Hz for 1H–1H. Deuterated solvents were obtained from Cambridge Stable Isotopes and used as received. 
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Appendix A 
 
Figure A.1. La Bail extraction of the PXRD pattern for Zn[MnN(CN)4MeOH]·xH2O·yMeOH at 
293 K; unit cell parameters a = 7.5145(5), c = 13.3846(10) Å, V = 755.82(10) Å3. 
 
Figure A.2. PXRD of Zn[MnN(CN)4MeOH] before (black line) and after (red line) porosimetry 
measurements. Unit cells by Le Bail refinement: a = 7.6083(12), c = 13.262(2) Å, V = 767.7(2) Å3 
(black); a = 7.6340(11), c = 13.256(2) Å, V = 772.6(2) Å3 (red). 
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Figure A.3. TGA of an air-dried sample of Zn[MnN(CN)4(H2O)]·2H2O·MeOH heated at a rate of 
0.75 °C/min under a nitrogen atmosphere (solid line represents change in weight (%), broken line 
represents the first derivative of the solid line) 
 
Figure A.4. La Bail extraction of the PXRD pattern for Mn[MnN(CN)4(H2O)]·xH2O·yMeOH at 
293 K; unit cell parameters a = 10.6702(7), V = 1214(5) Å3. 
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Figure A.5. VT-PXRD patterns of Ni[MnN(CN)4(H2O)]·xH2O·yMeOH  
 
Figure A.6. TGA of an air dried sample of Ni[MnN(CN)4(H2O)]·xH2O·yMeOH 
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Appendix B 
 
Figure B.1. Le Bail extraction 2·H2O·EtOH. Unit cell parameters a = 27.186(8), b = 7.4318(16), c = 29.8313(5) Å, 
β = 109.831(5)°, V = 5667(2) Å3. 
 
Figure B.2. Le Bail extraction 2·1.5MeCN. Unit cell parameters a = 26.913(18), b = 7.463(3), c = 29.892(16) Å, 
β = 109.36(3)°, V = 5664(5) Å3. 
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Figure B.3. Le Bail extraction 2·3H2O. Unit cell parameters a = 26.551(2), b = 7.6848(12), c = 30.185(2) Å, 
β = 109.760(8)°, V = 5796.2(12) Å3.  
 
Figure B.4. Le Bail extraction 2·H2O·MeOH. Unit cell parameters a = 26.851(7), b = 7.395(2), c = 29.631(7) Å 
and β = 110.14(2)°, V = 5524(2) Å3.  
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Figure B.5. Le bail Fit of 2. Unit cell parameters a = 26.913(18), b = 7.463(3), c = 29.892(16) Å, β = 109.36(3)°, 
V = 5664(5) Å3. 
 
Figure B.6. FT-IR spectrum of 1·3(H2O). 
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Appendix C 
 
Figure C.1. Le Bail fits of the PXRD pattern for 3(Ph) at 293 K; unit cell parameters a = 40.296(5), 
b = 13.5091(17), c = 25.661(6) Å, β = 103.521(13)° and V = 12651(4) Å3. 
 
Figure C.2. Le Bail fits of the PXRD pattern for 3(Thio) at 293 K; unit cell parameters a = 10.3837(3), 
c = 25.9083(10) Å and V = 2793.50(17) Å3. 
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Figure C.3. VT-PXRD patterns of 3(Furan) 
 
Figure C.4. TGA of a dried sample of 3(Thio) 
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Figure C.5. TGA of a dried sample of 3(Furan) 
 
Figure C.6. UV-Vis-NIR of 3(Thio)(black line) and 3(Furan) (red line) 
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Appendix D 
Table D.1. Unit cell parameters extracted from Le Bail fits of ZnNCN 
Temperature 
(K) a (Å) c (Å) V (Å) 
Temperature 
(K) a (Å) c (Å) V (Å) 
100.2 8.78909 5.4436 420.508 272.1 8.79905 5.43838 421.057 
100 8.78912 5.4436 420.51 276.2 8.79931 5.43825 421.073 
103.9 8.78926 5.44348 420.515 280.2 8.79957 5.43812 421.087 
108 8.78941 5.44336 420.519 284.2 8.79985 5.43799 421.104 
112.2 8.78955 5.44321 420.522 288.1 8.80014 5.43788 421.123 
116.2 8.78972 5.44307 420.528 292.1 8.80044 5.43777 421.143 
120 8.7899 5.44294 420.534 296.2 8.80073 5.43767 421.163 
124.4 8.79006 5.44281 420.539 300.2 8.80102 5.43757 421.183 
128.3 8.79024 5.44267 420.546 304.1 8.80134 5.43747 421.206 
131.9 8.79041 5.44254 420.553 308.1 8.80168 5.43736 421.23 
136 8.7906 5.44242 420.561 312.8 8.80194 5.43706 421.231 
140 8.79077 5.44229 420.567 316.2 8.80226 5.43698 421.256 
144 8.79097 5.44216 420.576 320.2 8.80261 5.43687 421.282 
148.2 8.79115 5.44203 420.584 324.2 8.80298 5.43677 421.309 
152.2 8.79135 5.4419 420.593 328.3 8.80335 5.43666 421.335 
156.2 8.79155 5.44176 420.601 332.2 8.80373 5.43654 421.362 
160.1 8.79175 5.44164 420.61 336.1 8.80409 5.43643 421.389 
164.2 8.79196 5.4415 420.621 340.2 8.80447 5.43632 421.417 
168.2 8.79219 5.44138 420.633 344.1 8.80485 5.4362 421.444 
172.1 8.7924 5.44126 420.643 348.1 8.80523 5.4361 421.472 
176.2 8.79262 5.44113 420.654 356.1 8.80607 5.43587 421.534 
180.2 8.79285 5.44101 420.668 360.1 8.80649 5.43574 421.565 
184.2 8.79309 5.44089 420.681 364.1 8.80693 5.43562 421.598 
188.2 8.79334 5.44076 420.695 368.1 8.80738 5.4355 421.631 
192.2 8.79358 5.44064 420.708 372.1 8.80777 5.4354 421.661 
196.2 8.79383 5.44051 420.722 376.2 8.80815 5.4353 421.69 
200.2 8.79408 5.4404 420.738 380.2 8.80855 5.4352 421.72 
204.2 8.79434 5.44028 420.754 384.1 8.80897 5.4351 421.753 
208.2 8.7946 5.44015 420.768 388.1 8.80942 5.43498 421.787 
212.2 8.79486 5.44003 420.784 392.2 8.8099 5.43486 421.823 
216.2 8.79511 5.43992 420.8 396.1 8.81037 5.43476 421.86 
138 
 
220.2 8.79538 5.4398 420.815 400.1 8.81092 5.43468 421.907 
224.2 8.79565 5.43968 420.833 404.1 8.81133 5.43453 421.934 
228.2 8.79592 5.43957 420.85 408.1 8.81182 5.43442 421.972 
232.2 8.79621 5.43946 420.868 412.1 8.81231 5.43431 422.011 
236.2 8.79649 5.43934 420.886 416.1 8.81284 5.43419 422.052 
240.1 8.79676 5.43923 420.903 420.1 8.81335 5.43407 422.092 
244.2 8.79703 5.43913 420.921 424.1 8.81387 5.43396 422.133 
248.1 8.7973 5.43901 420.939 428.1 8.81441 5.43385 422.176 
252.1 8.7976 5.4389 420.959 432.1 8.81495 5.43373 422.219 
256.1 8.79788 5.4388 420.978 436.1 8.8155 5.43362 422.263 
260.2 8.79817 5.43869 420.997 440.2 8.81608 5.43351 422.31 
256.8 8.79846 5.43859 421.017 444.1 8.81667 5.43341 422.359 
268.2 8.79876 5.43848 421.038         
 
Table D.2. Unit cell parameters extracted from Le Bail fits of MnNCN 
Temperature 
(K) a (Å) c (Å) V (Å) 
Temperature 
(K) a (Å) c (Å) V (Å) 
99.9 3.35193 14.3346 139.478 270.2 3.35934 14.3384 140.133 
100 3.35199 14.3347 139.485 274.3 3.35954 14.3385 140.151 
102.2 3.3521 14.3347 139.493 278.2 3.35976 14.3385 140.169 
106.4 3.35222 14.3348 139.504 282.2 3.35997 14.3387 140.188 
110.4 3.35235 14.3347 139.514 286.2 3.36017 14.3389 140.206 
114.2 3.35248 14.3347 139.524 290.2 3.36036 14.3389 140.223 
118.4 3.35262 14.3347 139.536 294.2 3.36057 14.339 140.241 
122 3.35275 14.3349 139.549 298.2 3.36076 14.3391 140.257 
126.3 3.35288 14.335 139.561 302.2 3.36096 14.3391 140.275 
130.5 3.35301 14.3349 139.571 306.2 3.36118 14.3392 140.295 
134.3 3.35318 14.3352 139.588 311.7 3.36137 14.3393 140.31 
138 3.35331 14.335 139.597 314.4 3.36156 14.3393 140.326 
142.5 3.35345 14.335 139.609 318.3 3.36176 14.3394 140.345 
145.9 3.3536 14.3353 139.624 322.2 3.36197 14.3394 140.362 
150.1 3.35374 14.3354 139.637 326.2 3.36222 14.3389 140.378 
154.2 3.35391 14.3354 139.65 330.2 3.36246 14.3393 140.402 
158.2 3.35407 14.3356 139.666 334.2 3.36269 14.3394 140.422 
162.3 3.35423 14.3356 139.68 338.2 3.36293 14.3396 140.443 
166.2 3.35443 14.3354 139.694 342.2 3.36317 14.3396 140.464 
170.2 3.35457 14.3357 139.709 346.2 3.36342 14.3396 140.484 
174.3 3.35473 14.3358 139.723 350.2 3.36366 14.3396 140.505 
178.3 3.35489 14.336 139.738 354.2 3.36393 14.3399 140.531 
182.2 3.35508 14.3361 139.754 358.2 3.36418 14.3401 140.553 
186.3 3.35526 14.3363 139.771 362.2 3.36445 14.34 140.575 
190.3 3.35543 14.3362 139.785 366.2 3.3647 14.3399 140.595 
139 
 
194.2 3.3556 14.3363 139.8 370.3 3.36491 14.3401 140.614 
198.2 3.35578 14.3366 139.818 374.2 3.36511 14.3403 140.634 
202.2 3.35598 14.3366 139.835 378.2 3.36533 14.3403 140.652 
206.2 3.35616 14.3366 139.85 382.1 3.36558 14.3404 140.673 
210.3 3.35633 14.3368 139.867 442.1 3.36919 14.3412 140.984 
214.2 3.35653 14.3369 139.884 446.2 3.36944 14.3412 141.004 
218.2 3.35672 14.337 139.9 450.2 3.36967 14.3413 141.025 
222.3 3.35691 14.3371 139.917 454.2 3.36993 14.3415 141.047 
226 3.35711 14.3373 139.935 458.1 3.37014 14.3417 141.067 
230.1 3.35729 14.3374 139.952 462.2 3.37038 14.3416 141.087 
234 3.35748 14.3375 139.969 466.2 3.37062 14.3418 141.109 
238.2 3.3577 14.3376 139.988 470.2 3.37084 14.342 141.129 
242.4 3.35788 14.3376 140.003 474.2 3.37108 14.342 141.149 
246.6 3.3581 14.3378 140.024 478.2 3.3713 14.3422 141.17 
254.4 3.35852 14.3379 140.059 482.1 3.37153 14.3422 141.189 
258.2 3.35871 14.3382 140.078 486.1 3.37172 14.3422 141.204 
262.1 3.35893 14.3382 140.096 490.2 3.37191 14.3424 141.222 
266.2 3.35913 14.3382 140.113 494.1 3.37213 14.3426 141.243 
 
Table D.3. Unit cell parameters extracted from Le Bail fits of FeNCN 
Temperature (K) a (Å) c (Å) V (Å) Temperature (K) a (Å) c (Å) V (Å) 
100 3.26765 9.396 86.885 299.9 3.27633 9.4176 87.548 
99.2 3.2676 9.3956 86.879 303.5 3.27657 9.4186 87.571 
101.8 3.2677 9.3963 86.89 307.1 3.27679 9.4195 87.591 
105.7 3.26773 9.396 86.889 313.1 3.27714 9.4213 87.626 
109.2 3.2678 9.3961 86.894 314.5 3.27744 9.4225 87.653 
112.6 3.26788 9.3961 86.898 317.9 3.27767 9.4233 87.673 
116.5 3.26796 9.3961 86.902 321.5 3.2779 9.4243 87.694 
119.8 3.26808 9.3964 86.911 325.1 3.27815 9.425 87.715 
123.5 3.26813 9.3961 86.912 328.7 3.2784 9.4258 87.736 
127.2 3.26825 9.3966 86.922 332.3 3.27868 9.4269 87.76 
130.7 3.26835 9.3967 86.928 335.9 3.27894 9.4278 87.782 
134.3 3.26853 9.3973 86.944 339.5 3.27917 9.4287 87.803 
138 3.26857 9.3971 86.944 343.1 3.27932 9.4292 87.815 
141.6 3.26867 9.3973 86.951 346.7 3.27948 9.43 87.832 
145.1 3.26878 9.3976 86.96 350.3 3.27968 9.4312 87.854 
148.7 3.2689 9.3977 86.967 353.9 3.27985 9.4319 87.87 
152.3 3.26904 9.398 86.977 357.5 3.27996 9.4321 87.877 
155.9 3.26918 9.3982 86.987 361.1 3.28015 9.4329 87.895 
159.6 3.26929 9.3986 86.996 364.7 3.28028 9.4333 87.906 
163.1 3.26942 9.3985 87.003 368.3 3.28046 9.434 87.921 
166.8 3.26959 9.3989 87.015 371.9 3.28063 9.4349 87.939 
170.3 3.26973 9.3996 87.029 375.5 3.28076 9.4352 87.949 
173.9 3.26985 9.3995 87.034 379.1 3.28089 9.4359 87.962 
177.6 3.26998 9.3996 87.042 382.6 3.28103 9.4364 87.974 
181.2 3.27017 9.4004 87.06 386.3 3.28121 9.437 87.99 
184.8 3.2703 9.4006 87.068 389.9 3.28139 9.4376 88.005 
140 
 
188.4 3.27042 9.4006 87.075 393.4 3.28154 9.4379 88.016 
192 3.27059 9.4011 87.088 397.1 3.2817 9.4382 88.027 
195.5 3.27076 9.4015 87.101 400.6 3.28187 9.4387 88.041 
199.1 3.27091 9.4017 87.112 404.3 3.28207 9.4397 88.061 
202.8 3.27111 9.4025 87.129 407.9 3.28221 9.4399 88.07 
206.3 3.27125 9.4028 87.14 411.5 3.28237 9.4402 88.082 
209.9 3.27145 9.4032 87.154 415.1 3.28255 9.4406 88.095 
213.5 3.27158 9.4033 87.162 418.7 3.2827 9.441 88.107 
217.1 3.27177 9.4037 87.176 422.3 3.28289 9.4419 88.125 
220.7 3.27195 9.4042 87.19 425.9 3.28303 9.4421 88.135 
224.3 3.27213 9.4047 87.204 429.5 3.28324 9.443 88.154 
227.9 3.27233 9.4055 87.222 433 3.2834 9.4432 88.165 
231.5 3.27249 9.4059 87.234 436.7 3.2835 9.4432 88.171 
235.1 3.2727 9.4063 87.249 440.2 3.28373 9.4441 88.191 
238.7 3.27291 9.407 87.268 443.8 3.28384 9.4441 88.197 
242.3 3.27305 9.4075 87.279 447.4 3.284 9.4446 88.21 
245.9 3.27326 9.4082 87.297 451 3.28416 9.445 88.223 
249.5 3.27343 9.4087 87.311 454.7 3.28432 9.4455 88.236 
253.1 3.27361 9.409 87.323 458.2 3.28448 9.4457 88.247 
256.7 3.27382 9.4096 87.34 461.9 3.28465 9.4463 88.261 
260.3 3.27406 9.4106 87.362 465.4 3.28478 9.4465 88.27 
263.9 3.27426 9.4109 87.375 469 3.28495 9.4472 88.286 
267.5 3.27444 9.4115 87.39 472.7 3.28514 9.4478 88.301 
271.1 3.27468 9.4123 87.41 476.2 3.28528 9.4479 88.31 
274.7 3.27487 9.4128 87.425 479.8 3.28541 9.4482 88.32 
278.3 3.27509 9.4135 87.444 483.4 3.28562 9.4491 88.339 
281.9 3.2753 9.4143 87.462 487.1 3.28572 9.4485 88.34 
285.5 3.2755 9.4149 87.479 490.6 3.28591 9.4494 88.358 
289.1 3.27569 9.4154 87.494 494.2 3.28612 9.4504 88.378 
292.7 3.27591 9.4162 87.512 497.8 3.28623 9.4502 88.382 
296.3 3.27613 9.4171 87.532 500.6 3.28635 9.4506 88.393 
 
Table D.4. Unit cell parameters extracted from Le Bail fits of CoNCN 
Temperature (K) a (Å) c (Å) V (Å) Temperature (K) a (Å) c (Å) V (Å) 
100 3.20522 9.3795 83.45 301.4 3.21535 9.3904 84.076 
100 3.20527 9.3796 83.453 305.1 3.21548 9.3902 84.081 
103.3 3.20534 9.3796 83.457 308.7 3.21585 9.3907 84.105 
107 3.20544 9.3797 83.464 312.9 3.21594 9.3909 84.112 
110.6 3.2055 9.3797 83.466 316 3.21608 9.3914 84.123 
114.3 3.20562 9.3798 83.474 319.4 3.2162 9.3917 84.131 
117.8 3.20568 9.3797 83.476 323 3.2163 9.3918 84.137 
121.5 3.20583 9.3801 83.487 326.6 3.21649 9.3921 84.151 
125.1 3.20594 9.3802 83.493 330.2 3.21669 9.3924 84.164 
128.7 3.20603 9.3802 83.498 333.8 3.21685 9.3925 84.173 
132.3 3.20614 9.3804 83.506 337.4 3.21699 9.3924 84.18 
135.8 3.20627 9.3805 83.513 341 3.2172 9.3929 84.195 
139.5 3.20641 9.3806 83.522 344.6 3.21738 9.393 84.205 
143.1 3.2065 9.3806 83.527 348.2 3.21755 9.3931 84.215 
146.7 3.20661 9.3808 83.534 351.8 3.21775 9.3933 84.227 
141 
 
150.2 3.20674 9.3808 83.541 355.4 3.21797 9.3936 84.242 
153.9 3.20687 9.381 83.549 359 3.21819 9.3938 84.255 
157.5 3.20705 9.3815 83.563 362.6 3.21843 9.3942 84.271 
161.1 3.20717 9.3814 83.568 366.2 3.21863 9.3944 84.284 
164.7 3.20728 9.3815 83.575 369.8 3.21886 9.395 84.301 
168.3 3.20744 9.3817 83.585 373.4 3.21899 9.3948 84.306 
171.9 3.20761 9.382 83.596 377 3.21923 9.3954 84.323 
175.5 3.20779 9.3821 83.607 380.6 3.21946 9.3957 84.338 
179.1 3.20795 9.3823 83.617 384.2 3.21962 9.3955 84.345 
182.7 3.20809 9.3825 83.626 387.8 3.21985 9.3958 84.36 
186.3 3.20832 9.3828 83.64 391.4 3.22009 9.3962 84.376 
189.9 3.2085 9.3831 83.653 395 3.22029 9.3963 84.387 
193.5 3.20867 9.3832 83.662 398.6 3.22048 9.3963 84.397 
197.1 3.20891 9.3837 83.679 402.2 3.22071 9.3965 84.411 
200.7 3.20909 9.3838 83.69 405.8 3.22098 9.3972 84.431 
204.3 3.2093 9.3841 83.703 409.4 3.2212 9.3974 84.444 
207.9 3.20951 9.3844 83.717 413 3.22143 9.3976 84.459 
211.5 3.20966 9.3844 83.725 416.6 3.22165 9.3979 84.473 
215.1 3.20988 9.3847 83.739 420.2 3.22187 9.3981 84.487 
218.7 3.21011 9.3851 83.755 423.8 3.22207 9.3982 84.498 
222.3 3.21031 9.3853 83.766 427.4 3.22232 9.3986 84.514 
225.8 3.21051 9.3855 83.779 431 3.22253 9.3988 84.527 
229.5 3.21074 9.3858 83.794 434.6 3.22276 9.3991 84.542 
233.1 3.21099 9.386 83.809 438.2 3.22297 9.3992 84.553 
236.6 3.21121 9.3862 83.822 441.8 3.2232 9.3994 84.567 
240.3 3.21146 9.3867 83.839 445.4 3.2234 9.3995 84.581 
243.8 3.21173 9.387 83.857 448.9 3.2236 9.3996 84.592 
247.5 3.21203 9.3874 83.876 452.6 3.2238 9.3998 84.605 
251 3.21224 9.3875 83.887 456.2 3.2241 9.4002 84.622 
254.7 3.2125 9.3877 83.903 459.9 3.2243 9.4002 84.631 
258.2 3.21272 9.388 83.916 463.3 3.2245 9.4005 84.647 
261.8 3.21298 9.3881 83.932 466.9 3.2247 9.4006 84.658 
265.4 3.21318 9.3883 83.944 470.6 3.2249 9.4006 84.67 
269.1 3.2134 9.3886 83.958 474.1 3.2252 9.401 84.685 
272.7 3.21361 9.3887 83.97 477.8 3.2254 9.401 84.696 
276.3 3.21382 9.3888 83.982 481.4 3.2256 9.4014 84.712 
279.9 3.21408 9.3892 83.999 485 3.2258 9.4016 84.72 
283.4 3.2143 9.3893 84.011 488.5 3.226 9.4016 84.73 
287.1 3.21449 9.3895 84.022 492.2 3.2262 9.402 84.75 
290.6 3.21472 9.3898 84.037 495.7 3.2265 9.402 84.76 
294.3 3.21489 9.3898 84.047 499.4 3.2265 9.402 84.77 
297.9 3.21513 9.3901 84.061 500.2 3.2256 9.401 84.71 
 
Table D.5. Unit cell parameters extracted from Le Bail fits of NiNCN 
Temperature 
(K) a (Å) c (Å) V (Å) 
Temperature 
(K) a (Å) c (Å) V (Å) 
100 3.1482 9.2423 79.331 303.4 3.15548 9.2528 79.787 
101 3.1482 9.2422 79.329 307.1 3.15541 9.2506 79.765 
109 3.1483 9.2421 79.334 313.2 3.15587 9.2529 79.808 
142 
 
112.7 3.1484 9.2419 79.334 314.4 3.15599 9.2528 79.814 
116.5 3.1485 9.2425 79.348 317.9 3.15606 9.2525 79.815 
120 3.1486 9.2423 79.348 321.5 3.15616 9.2523 79.818 
123.7 3.1487 9.2427 79.358 325.1 3.1563 9.2523 79.825 
126.9 3.1487 9.2424 79.355 328.7 3.15645 9.2525 79.834 
130.7 3.14885 9.2428 79.366 332.3 3.15645 9.2525 79.834 
134.2 3.14891 9.2428 79.369 335.9 3.15684 9.2529 79.857 
137.9 3.149 9.2429 79.375 339.5 3.15703 9.2531 79.868 
141.4 3.14911 9.2431 79.382 343.1 3.15723 9.2534 79.881 
145.1 3.1492 9.2432 79.388 346.7 3.15735 9.2528 79.883 
148.6 3.14931 9.2433 79.394 350.2 3.15752 9.2528 79.89 
152.3 3.14931 9.2433 79.394 353.8 3.15778 9.2533 79.908 
155.9 3.1495 9.2433 79.402 357.5 3.15799 9.2535 79.921 
159.5 3.1496 9.2436 79.411 361 3.15824 9.2542 79.939 
163.1 3.1496 9.2436 79.411 364.6 3.15845 9.2539 79.947 
166.7 3.14983 9.2438 79.425 368.2 3.15868 9.2543 79.962 
170.3 3.14994 9.2441 79.433 371.8 3.15883 9.2543 79.97 
173.9 3.15003 9.244 79.436 375.4 3.15903 9.2546 79.983 
177.5 3.15013 9.244 79.442 379.1 3.15929 9.2554 80.003 
181.1 3.15027 9.2443 79.451 382.5 3.15942 9.2551 80.007 
184.7 3.15042 9.2448 79.463 386.2 3.15966 9.2558 80.025 
188.3 3.15054 9.2447 79.468 389.8 3.1599 9.2559 80.038 
191.9 3.15065 9.2448 79.475 393.4 3.16012 9.2562 80.051 
195.5 3.15077 9.2451 79.483 397 3.16037 9.2566 80.067 
199.1 3.15094 9.2454 79.495 400.6 3.16061 9.2569 80.082 
202.7 3.15106 9.2454 79.5 404.2 3.16078 9.257 80.092 
206.3 3.15115 9.2454 79.505 407.8 3.16095 9.2572 80.103 
209.9 3.15126 9.2454 79.51 411.4 3.16111 9.2571 80.11 
213.5 3.15148 9.2463 79.529 415.1 3.16137 9.2575 80.126 
217.1 3.15152 9.2453 79.523 418.6 3.16147 9.2573 80.13 
220.7 3.15171 9.246 79.538 422.2 3.16171 9.2579 80.147 
224.3 3.15182 9.2457 79.541 425.9 3.16194 9.2583 80.162 
227.9 3.15206 9.2472 79.566 429.4 3.16217 9.2587 80.177 
231.4 3.15211 9.2466 79.563 433 3.1623 9.2584 80.181 
235.1 3.1523 9.2468 79.575 436.7 3.1625 9.2589 80.196 
238.7 3.15243 9.2474 79.587 440.2 3.1627 9.2595 80.213 
242.2 3.15261 9.2472 79.594 443.8 3.163 9.2603 80.232 
245.8 3.15286 9.2485 79.618 447.4 3.1631 9.26 80.24 
249.5 3.15301 9.2485 79.626 451.1 3.1631 9.259 80.23 
253 3.15319 9.2491 79.64 454.6 3.1636 9.269 80.34 
256.6 3.15332 9.2493 79.648 458.2 3.1635 9.26 80.26 
260.3 3.15334 9.2482 79.639 461.8 3.1639 9.2611 80.285 
263.8 3.15352 9.2485 79.651 465.4 3.164 9.2606 80.287 
267.5 3.15377 9.2498 79.675 468.9 3.1641 9.2601 80.289 
271 3.15382 9.2487 79.668 472.6 3.16433 9.2603 80.301 
274.7 3.15417 9.2504 79.7 476.2 3.16445 9.2602 80.306 
143 
 
278.2 3.1543 9.2509 79.711 479.8 3.1646 9.2603 80.315 
281.9 3.15426 9.2487 79.69 483.4 3.16472 9.2599 80.317 
285.5 3.15468 9.2507 79.729 487.1 3.16499 9.2609 80.34 
289.1 3.15486 9.2513 79.743 490.6 3.16503 9.2603 80.336 
292.7 3.15486 9.2513 79.743 494.2 3.16521 9.2604 80.346 
296.3 3.15518 9.2515 79.761 497.7 3.16542 9.2611 80.363 
299.8 3.15536 9.2523 79.777 
     
Table D.6. Unit cell parameters extracted from Le Bail fits of CuNCN 
Temperature 
(K) a (Å) b (Å) c (Å) V (Å) 
146 2.98657 6.17782 9.41626 173.735 
150 2.98662 6.17842 9.41648 173.759 
153.9 2.98667 6.17909 9.41671 173.784 
157.8 2.98671 6.17973 9.41696 173.81 
161.7 2.98677 6.18037 9.41722 173.835 
165.6 2.98683 6.18101 9.41745 173.861 
169.7 2.98689 6.18167 9.41771 173.888 
173.8 2.98694 6.18228 9.41793 173.913 
177.8 2.98701 6.18295 9.41817 173.94 
181.7 2.98709 6.18356 9.41844 173.967 
185.7 2.98716 6.18424 9.41866 173.994 
189.7 2.98722 6.1849 9.41893 174.021 
193.7 2.9873 6.18555 9.41917 174.048 
197.7 2.98738 6.18624 9.41942 174.077 
201.6 2.98747 6.18692 9.4197 174.107 
205.7 2.98755 6.1876 9.41997 174.135 
209.6 2.98763 6.18829 9.42025 174.164 
213.7 2.98773 6.18896 9.42049 174.194 
217.7 2.98781 6.18966 9.42077 174.223 
221.7 2.9879 6.19034 9.42104 174.253 
225.6 2.98799 6.19103 9.42131 174.282 
229.7 2.98809 6.19174 9.42157 174.313 
233.7 2.98818 6.19242 9.42184 174.343 
237.7 2.98828 6.19312 9.42209 174.373 
241.7 2.98838 6.19382 9.42239 174.404 
245.6 2.98848 6.19456 9.42269 174.436 
249.7 2.98859 6.1953 9.42298 174.469 
253.7 2.98871 6.19608 9.42329 174.503 
257.6 2.98882 6.19683 9.4236 174.536 
261.7 2.98893 6.19763 9.42392 174.571 
265.7 2.98903 6.19843 9.42426 174.606 
269.7 2.98915 6.19923 9.42462 174.642 
273.7 2.98927 6.20006 9.42496 174.679 
144 
 
277.7 2.98938 6.20086 9.42529 174.714 
281.6 2.9895 6.20166 9.42564 174.75 
285.6 2.98965 6.20252 9.42597 174.789 
289.7 2.98973 6.20332 9.42632 174.823 
293.7 2.98984 6.20415 9.42667 174.859 
297.7 2.98996 6.20498 9.42702 174.896 
301.7 2.99007 6.20582 9.42735 174.933 
305.6 2.99008 6.20701 9.42792 174.977 
309.7 2.99019 6.20789 9.42815 175.013 
313.9 2.99032 6.20863 9.42829 175.044 
317.7 2.99042 6.20928 9.4285 175.072 
321.6 2.99051 6.21002 9.42875 175.103 
325.6 2.99061 6.21076 9.42903 175.135 
329.6 2.99073 6.21149 9.42931 175.167 
333.6 2.99083 6.2122 9.42959 175.199 
337.6 2.99095 6.21286 9.42981 175.228 
341.6 2.99103 6.2135 9.43006 175.256 
345.6 2.99114 6.21409 9.43027 175.282 
349.6 2.99122 6.21462 9.43048 175.306 
353.6 2.99131 6.21519 9.4307 175.331 
361.7 2.99152 6.21625 9.43113 175.382 
365.6 2.99161 6.21681 9.43137 175.407 
369.6 2.99171 6.21739 9.43163 175.435 
373.6 2.99182 6.2179 9.43188 175.46 
377.6 2.99192 6.21848 9.43215 175.487 
381.6 2.99205 6.21913 9.43244 175.518 
385.6 2.99221 6.2199 9.43274 175.555 
389.6 2.99232 6.22067 9.43314 175.591 
393.6 2.99247 6.22146 9.43351 175.629 
397.6 2.9926 6.22229 9.43398 175.668 
401.6 2.99275 6.22314 9.43441 175.709 
405.6 2.99291 6.22402 9.43491 175.753 
409.6 2.99303 6.22492 9.43547 175.796 
413.6 2.99318 6.22582 9.43597 175.839 
417.6 2.99334 6.22671 9.43647 175.884 
421.6 2.99349 6.22753 9.43695 175.924 
425.6 2.99367 6.22838 9.43736 175.966 
429.6 2.99386 6.22929 9.43777 176.011 
433.6 2.9941 6.23037 9.43821 176.063 
437.6 2.99437 6.23159 9.43867 176.123 
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Table D.7. Unit cell parameters extracted from Le Bail fits of CdNCN 
Temperature 
(K) a (Å) c (Å) V (Å) 
Temperature 
(K) a (Å) c (Å) V (Å) 
99.7 3.52935 14.5521 156.981 220.3 3.53404 14.5591 157.474 
100.3 3.52937 14.5522 156.984 223.5 3.53419 14.5594 157.49 
102.1 3.52942 14.5523 156.989 226.7 3.53435 14.5595 157.506 
105.3 3.5295 14.5524 156.997 229.9 3.5345 14.5598 157.522 
108 3.52958 14.5526 157.006 233.1 3.53466 14.5601 157.539 
111.7 3.52967 14.5526 157.015 236.3 3.5348 14.5602 157.554 
114.7 3.52976 14.5527 157.024 239.5 3.53498 14.5606 157.573 
117.7 3.52989 14.5531 157.039 242.7 3.53513 14.5608 157.589 
120.8 3.52999 14.5532 157.049 245.9 3.53529 14.561 157.606 
124 3.53008 14.5532 157.058 249.1 3.53544 14.561 157.62 
127.3 3.53019 14.5534 157.069 252.3 3.53563 14.5615 157.641 
130.7 3.5303 14.5536 157.082 255.5 3.53578 14.5616 157.656 
133.9 3.53041 14.5538 157.093 258.6 3.53594 14.5618 157.673 
136.9 3.53051 14.5538 157.102 261.8 3.53613 14.5623 157.694 
140.2 3.53062 14.554 157.113 265.1 3.53627 14.5623 157.707 
143.5 3.53074 14.5543 157.128 268.2 3.53647 14.5626 157.728 
146.7 3.53086 14.5544 157.14 271.4 3.53663 14.5628 157.744 
149.9 3.53097 14.5546 157.152 274.7 3.5368 14.563 157.762 
153.1 3.5311 14.5548 157.165 277.9 3.53698 14.5632 157.781 
156.5 3.53121 14.5548 157.175 281.1 3.53717 14.5635 157.801 
159.5 3.53134 14.5549 157.188 284.2 3.53734 14.5637 157.817 
162.3 3.53148 14.5553 157.205 287.4 3.53752 14.5639 157.836 
166.1 3.5316 14.5555 157.218 290.6 3.5377 14.5641 157.854 
169.1 3.53174 14.5557 157.232 293.8 3.53787 14.5645 157.873 
172 3.53184 14.5557 157.242 297.1 3.53805 14.5648 157.893 
175.3 3.532 14.5561 157.259 300.2 3.53821 14.565 157.91 
178.8 3.53214 14.5564 157.275 303.4 3.53838 14.5652 157.928 
181.6 3.53228 14.5565 157.289 306.6 3.53857 14.5655 157.947 
185.3 3.53244 14.5568 157.306 309.9 3.53877 14.5658 157.968 
188.1 3.53259 14.5569 157.321 313.3 3.53905 14.5661 157.996 
191.2 3.53272 14.5571 157.334 316.3 3.53922 14.5663 158.013 
194.4 3.53284 14.5571 157.345 319.4 3.53939 14.5663 158.029 
197.8 3.533 14.5574 157.363 322.7 3.5396 14.5666 158.051 
201.1 3.53316 14.5578 157.381 325.9 3.5398 14.5667 158.07 
204.2 3.5333 14.558 157.396 329.1 3.54001 14.5669 158.091 
207.4 3.53344 14.5582 157.411 332.3 3.54024 14.567 158.113 
210.4 3.5336 14.5585 157.428 335.4 3.54045 14.5672 158.134 
213.9 3.53374 14.5587 157.443 338.7 3.54067 14.5673 158.154 
217.1 3.5339 14.5589 157.459 
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Appendix E 
[PPh4][MnN(CN)3(bpy)]·2H2O·bpy 
 
Figure E.1. Atom labelling for 1H NMR of 4(bpy). 
ESI–MS (ESI–, MeOH): 302 ([MnN(CN)3(bpy)]–). 
1H NMR (CD3OD, 500 MHz): δ 10.02 (d, 3JH1–H2 = 5.5 Hz, 1H, H1), 9.27 (d,3JH7–H8 = 5.2 Hz, 1H, 
H8), 8.43 (d, 3JH3–H4 = 8.1 Hz, 1H, H4), 8.36 (d, 3JH5–H6 = 8.1 Hz, 1H, H5), 8.13 (td, 3JH3–H2/H4 = 7.9 
Hz, 4JH1–H3 = 1.3 Hz, 1H, H3), 8.13 (td, 3JH6–H5/H7 = 7.9 Hz, 4JH6–H8 = 1.3 Hz, 1H, H6), 8.01–7.98 (m, 
4H, H9 of PPh4), 7.86–7.77 (m, 16H, H10, H11 of PPh4), 7.66–7.62 (m, 2H, H2, H7) ppm. 
13C{1H} NMR (acetone-d6, 125 MHz): δ 156.9, 153.7, 150.7, 150.1, 145.7, 139.4, 138.8, 137.7, 136.4, 
135.8, 131.4, 125.9, 125.6, 127.8, 121.4, 119.5, 118.7 ppm. 
FT–IR (KBr): 2122 (νCN), 2134 (νCN). 
Elemental Analysis: Found: C, 66.7; H, 4.87; N, 13.0; Calculated for [PPh4][MnN(CN)3(bpy)]·2H2O : 
C, 66.7; H, 4.79; N, 12.9.  
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[PPh4][MnN(CN)3(4–dmbpy)]·3H2O 
 
Figure E.2.. Atom labelling for 1H NMR of 4(4-dmbpy). 
ESI–MS (ESI–, MeOH): 330 ([MnN(CN)3(4–dmbpy)]–). 
1H NMR (CD3OD, 500 MHz): δ 9.83 (s, 1H, H1), 9.07 (s, 1H, H8), 8.51 (d, 3JH3–H4 = 8.2 Hz, 1H, 
H4), 8.22 (d,3JH5–H6 = 7.3 Hz, 1H, H5), 7.91 (dd, 3JH3–H4 = 8.5 Hz, 4JH1–H3 = 1.5 Hz, 1H, H3), 7.85 (dd, 
3JH5–H6 = 8.2 Hz, 4JH6–H8 = 1.3 Hz, 1H, H6), 7.97–7.93 (m, 4H, H9 from PPh4), 7.81–7.73 (m, 16H, 
H10, H11 from PPh4), 2.51 (s, 3H, H2), 2.47 (s, 3H, H7). 
13C{1H} NMR (CD3OD, 125 MHz): δ 154.6, 154.5, 151.0, 150.8, 149.8, 141.2, 140.4, 137.5, 136.7, 
136.0, 135.9, 131.7, 131.6, 123.2, 122.0, 119.9, 119.1 ppm. 
FT–IR (KBr): 2114 (νCN), 2127 (νCN) cm-1. 
Elemental Analysis: Found: C, 67.3; H, 5.22; N, 12.2; Calculated for 
[PPh4][MnN(CN)3(4-dmbpy)]·1.43 H2O: C, 67.3; H, 5.05; N, 12.1.  
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Figure E.3. TGA of 4(4-dmbpy). 
 
Figure E.4. The absorption spectrum of 4(4-dmbpy) in MeCN. The inset shows the solvatochromism 
of 4(4-dmbpy) in MeOH (blue), EtOH (violet), MeCN (maroon) and DCM (green). 
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[PPh4][MnN(CN)3(5–dmbpy)]·2H2O 
 
Figure E.5. Atom labelling for 1H NMR of 4(5-dmbpy) 
ESI–MS (ESI–, MeOH): 330 ([MnN(CN)3(5–dmbpy)]–) 
1H NMR (CD3OD, 500 MHz): δ 9.76 (d, JH1–H2 = 4.5 Hz, 1H, H1), 9.06 (br s, 1H, H8), 8.26 (s, 1H, 
H4), 8.19 (s, 1H, H5), 7.97–7.94 (m, 4H, H9 from PPh4), 7.82–7.72 (m, 16H, H10, H11 from PPh4), 
7.43 (s, 2H, H2, H7), 2.56 (s, 3H, H3), 2.50 (s, 3H, H6).  
13C{1H} NMR (CD3OD, 125 MHz): δ 156.6, 153.9, 153.3, 152.3, 152.0, 150.2, 136.7, 136.0, 135.9, 
131.7, 131.6, 127.8, 127.7, 125.0, 123.5, 119.8, 119.1 ppm. 
FT–IR (KBr): 2114 (νCN), 2127 (νCN) cm-1 
Elemental Analysis: Found: C, 64.9; H, 5.53; N, 11.6; Calculated for 
[PPh4][MnN(CN)3(5-dmbpy)]·2.85H2O: C, 64.9; H, 5.26; N, 11.6.  
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Figure E.6. TGA of 4(5-dmbpy). 
 
 
Figure E.7. The absorption spectrum of 4(5-dmbpy) in MeCN. The inset shows the solvatochromism of 
4(5-dmbpy) in MeOH (green), EtOH (maroon), MeCN (violet) and DCM (blue). 
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[PPh4][MnN(CN)3(phen)]·3MeOH 
 
 
Figure E.8. Atom labelling for 1H NMR of 4(phen). 
ESI–MS (ESI–, MeOH): 326 ([MnN(CN)3(phen)]–). 
1H NMR (CD3OD, 500 MHz): δ 10.31 (d, 3JH1–H2 = 4.6 Hz, 1H, H1), 9.54 (d,3JH7–H8 = 3.4 Hz, 1H, 
H8), 8.68 (d, 3JH2–H3 = 8.1 Hz, 1H, H3), 8.63 (d,3JH6–H7 = 8.0 Hz, 1H, H6), 8.08 (d, 3JH4–H5 = 8.9 Hz, 
1H, H4), 8.08 (d, 3JH4–H5 = 8.9 Hz, 1H, H5), 7.97–7.93 (m, 6H, H2, H3, H9 from PPh4), 7.81–7.73 (m, 
16H, H10, H11 from PPh4).  
13C{1H} NMR (CD3OD, 125 MHz): δ 154.2, 150.8, 147.0, 143.6, 139.7, 138.6, 136.7, 135.9, 135.8, 
131.7, 131.6, 130.8, 128.3, 127.9, 126.2, 128.0, 119.8, 119.1 ppm. 
FT–IR (KBr): 2117 (νCN), 2124 (νCN) cm-1. 
Elemental Analysis: Found: C, 68.01; H, 4.34; N, 12.37; Calculated for 
[PPh4][MnN(CN)3(phen)]·1.2H2O: C, 68.0; H, 4.46; N, 12.2.  
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Figure E.9. TGA of 4(phen). 
 
Figure E.10. The absorption spectrum of 4(phen) in MeCN. The inset shows the solvatochromism of 
4(phen) in MeOH (blue), EtOH (violet), MeCN (maroon) and DCM (green). 
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[PPh4][MnN(CN)3(bpym)]·3MeOH 
 
Figure E.11. Atom labelling for 1H NMR of 4(bpym). 
ESI–MS (ESI–, MeOH): 326 ([MnN(CN)3(bpym)]–). 
1H NMR (CD3OD, 500 MHz): δ 10.32 (dd, 3JH1–H2 = 5.7 Hz, 4JH1–H3 = 2.0 Hz, 1H, H1), 9.49 (dd, 
3JH5–H6 = 5.0 Hz, 4JH4–H6 = 1.7 Hz, 1H, H6), 9.20 (dd, 3JH2–H3 = 4.7 Hz, 4JH1–H3 = 2.0 Hz, 1H, H3), 9.18 
(dd, 3JH4–H5 = 5.0 Hz, 4JH4–H6 = 1.7 Hz, 1H, H4), 7.97–7.94 (m, 4H, H7 from PPh4), 7.87 (t, 3JH2–H1/3 = 
4.9 Hz, 1H, H2), 7.83–7.73 (m, 17H, H5, H10, H11 from PPh4).  
13C{1H} NMR (CD3OD, 125 MHz): δ 162.2, 16.20, 161.5, 161.2, 158.3, 149.7, 136.7, 136.0, 135.9, 
131.7, 131.6, 125.0, 124.3, 119.9, 119.1 ppm.  
FT–IR (KBr): 2117 (νCN), 2124 (νCN) cm-1 
Elemental Analysis: Found: C, 56.1; H, 4.66; N, 14.8; Calculated for 
[PPh4][MnN(CN)3(bpym)]·6H2O: C, 56.1 ; H, 5.06 ; N, 14.5.  
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Figure E.12. TGA of 4(bpym). 
 
Figure E.13. The absorption spectrum of 4(bpym) in MeCN. The inset shows the solvatochromism of 
4(bpym) in MeOH (blue), EtOH (violet), MeCN (maroon) and DCM (green). 
